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ABSTRACT 
The L o s t  City me teo r i t e  was photographed in  flight and recovered  by the 
P r a i r i e  Network. F o u r  f r agmen t s  totaling 17 kg have been found. 
Photomet r ic  and t r a j ec to ry  data  fo r  the Los t  City me teo r  a n d  for a sub- 
sequent me teo r  (No. 4061 7) with s i m i l a r  flight cha rac t e r i s t i c s  a r e  used t o  
es tab l i sh  a p re l iminary  cal ibra t ion of the m a s s  s ca l e  of o ther  fireballs 
T h e r e  i s  excel lent  agreement  between the  photometr ic  m a s s e s  derived f rom 
the  m o s t  recen t  determinat ion of t he  luminous efficiency of the me teo r i c  
p roces s ,  and the dynamic m a s s e s  determined f r o m  the t r a j ec to ry  and the 
shape of the recovered  meteor i t e .  It  i s  unlikely that  photometr ic  masses 
a r e  overes t imated  by a s  much  a s  a fac tor  of 8 for objects of the s ize  and 
composit ion of Los t  City. 
Prev ious  values f o r  meteoro id  bulk densi t ies  m a y  have been se r ious ly  
underes t imated  (by a fac tor  of 5 o r  8) if the flattened shape observed fcr Lost 
City and in fe r red  f r o m  4061 7 i s  common among meteoro ids .  
An analysis  of a t h i rd  me teo r ,  No. 40503, i s  presented a s  a counter-  
example  t o  the above argument.  Th i s  m e t e o r  of 100 t i m e s  the  intensity of 
Los t  City reached  max imum light and then was extinguished nearl!y instan- 
taneously.  We recognize that  th is  i s  a different  kind of meteoro id  but have 
no sa t i s fac tory  explanation f o r  i t s  behavior.  
The  o rb i t s  of these  m e t e o r s  a r e  s imi l a r  t o  those of mos t  o ther  fireballs, 
Le m G t 6 o r i t e  " V i l l e  P e r d u e "  ( L o s t  C i t y )  a  6 t ;  p h o t o g r a p h i 6  e n  
v o l  e t  r g c u p g r ;  p a r  l e  " ~ G s e a u  P r a i r i e "  ( P r a i r i e  N e t w o r k ) ,  Q a a t r e  
f r a g m e n t s  t o t a l i s a n t  une m a s s e  d e  1 7  kg  o n t  6 t 6  r e t r o u v 6 s ,  
L e s  p a r a m k t r e s  p h o t o m g t r i q u e s  e t  t r a j e c t o g r a p h i q u e s  du r n k t g o r e  
" V i l l e  P e r d u e "  a i n s i  q u e  c e u x  d t u n  r n g t g o r e  u l t g r i e u r  ( N o ,  40627), 
d e  c a r a c t g r i s t i q u e s  d e  v o l  s i m i l a i r e s ,  s o n t  u t i l i s g s  e n  v u e  d " 6 t a -  
b l i r  un c a l i b r a g e  p r g l i m i n a i r e  d e  l t 6 c h e l l e  d e s  m a s s e s  d n a u t r e s  
b o l i d e s .  I 1  y  a  u n e  e x c e l l e n t e  c o n c o r d a n c e  e n t r e  l e s  m a s s e s  p h o t o -  
m & t r i q u e s ,  d g d u i t e s  p a r  l e s  m g t h o d e s  l e s  p l u s  r k c e n t e s  d e  d g t e r r n i -  
n a t i o n  du r e n d e m e n t  l u m i n e u x  du p r o c e s s u s  m g t 6 0 r i q u e ,  e t  l e s  n 7 a s s e s  
d y n a m i q u e s  d 6 d u i t e s  d e s  c a r a c t g r i s t i q u e s  d e  l a  t r a j e c t o i r e  e t  de l a  
f o r m e  du m g t g o r i t e  r & c u p & r & .  I 1  e s t  p e u t  p r o b a b l e  q u e  l e s  m a s s e s  
p h o t o m & t r i q u e s  s o i e n t  s u r e s t i m 6 e s  d a n s  u n e  p r o p o r t i o n  a u s s i  g r a n d e  
q u e  8 f o i s  p l u s  p o u r  l e s  o b j e t s  d e  l a  t a i l l e  e t  d e  l a  c o ~ ~ p o s i t i o n  
d u  m 6 t 6 o r i t e  " V i l l e  P e r d u e " .  
L e s  v a l e u r s  d e  d e n s i t 6 s  b r u t e s  d e  m k t g o r i t e  c a l c u l g e s  d a n s  l e  
p a s s 6  o n t  pu g t r e  s 6 r i e u s e m e n t  s o u s - e s t i m g e s  ( d a n s  une proportion 
d e  5 2 8 f o i s )  s i  l a  f o r m e  a p l a t i e  o b s e r v 6 e  s u r  l e  m 6 t 6 0 r i t e  " V i l l e  
P e r d u e "  e t  d g d u i t e  du m 6 t ; o r i t e  4 0 6 1 7  e s t  u n e  f o r m e  commune p l r m i  
l e s  m & t & o r o Y d e s .  
L 1 a n a l y s e  d t u n  t r o i s i L m e  m g t g o r e ,  No. 4 0 5 0 3 ,  e s t  p r d s e n t d e  i c i  
e n  t a n t  q u e  c o n t r e - e x a m p l e  a u x  a r g u m e n t s  c i - d e s s u s .  Ce r n g t g o r e  
d t i n t e n s i t g  1 0 0  f o i s  s u p k r i e u r e  2 c e l l e  du " V i l l e  P e r d u e P '  a t t e i -  
g n i t  s o n  maximum d e  l u m i k r e  p u i s  s t 6 t e i g n i t  p r e s q u e  i n s t a n t a n g m e n t ,  
Nous n ' i g n o r o n s  p a s  q u l i l  s 1 a g i t  1; d l u n  t y p e  d i f f g r e n t  de  rn8-t;- 
r o y d e  m a i s  n o u s  n t a v o n s  p a s  d l e x p l i c a t i o n  s a t i s f a i s a n t e  d e  s o n  
c o m p o r t e m e n t .  
L e s  o r b i t e s  d e  c e s  m g t g o r e s  s o n t  s i m i l a i r e s  2 c e l l e s  d b a u t r e s  
b o l i d e s .  
I T p e a b r a y q m e  3 ~ a s e ~ m  AJIR IIJIOTHOCTU M e T e o p o m a H o r o  T e n a ,  1303- 
MOXHO, 6b1n.n C e p b e 3 H O  3 a H U X e H b I  ( B  5-8 p a 3 ) ,  eCJ IU B b I p a B H e H H a n  
@ O P M ~ ,  TIOJIYqeHHaR AJIE l f ~ ~ ~ e ~ ~ ~ ~ ~ I ' ~  r0p0aa" M  B b I B e a e H H a F  H3 H3y- 
Y e H U R  N! 40617, RBJIReTCR o6weZ a J I R  B C e X  MeTeOpOId,QOB. 
A H ~ J I U ~  T p e T b e r O  M e T e O p a ,  N! 40503, I I p e ~ O C T a B J I R e T  KOHTp-IIPHlVIep 
K  BbIUeIIpUBeneHHbIM A O B O a a M .   TOT M e T e O p ,  B  100 pa3 I I ~ ~ B ~ I u ~ ' Q I J ~ H %  
" ~ O T ~ P R H H ~ I ~ ~  r 0 p 0 ~ "  IIO MHTeHCIiIBHOCTU, ,QOCTMI' MaKCUMYMa CBeueHIFR 
H IIOTOM I ' I O r a C  I IOYrJ2  MTHOBCHHO. M ~ I  C 0 3 H a e M ,  YTO 3 T O  UHO% TVII  
M f ? T e O P O U n O B ,  HO Y H a C  H e  VlMeeTCR Y a O B J I e T B O P U T e J I b H O T O  0 6 ' n c i ~ e ~ n ~  
er0 I 'IOBeAeHMR. 
LOST CITY METEORITE - ITS RECOVERY AND A COMPARISON 
WITH OTHER FIREBALLS 
R. E .  McCrosky,  A. Posen,  G. Schwartz,  and C.  -Y .  Shao 
1 .  THE LOST CITY METEOR 
The Los t  City me teo r  occu r r ed  over  nor theas te rn  Oklahoma at 2014 GST 
on January  3 ,  1970. The f i reba l l  a t  maximum light was comparable  i n  bright- 
n e s s  to the full  moon. It was widely observed.  Sonic booms were  repor ted 
2 to have been heard  over  an a r e a  of about 1000 km between Tulsa  and Tahieq:ral:, 
2: Well-confirmed repor t s  of the audio event cover  an  a r e a  of a t  l eas t  300 krn 
including Tahlequah, Waggone r, Inola, and Mazie ,  Oklahoma. This was  
var ious ly  descr ibed  a s  like thunder,  a  single boom, o r  a s e r i e s  of consecilirve 
s h a r p  c r a c k s .  
The  m e t e o r  was photographed f r o m  four  P r a i r i e  Network s ta t  1013s LX 
Hominy and Woodward, Oklahoma, and Pleasanton and Garden City, Kansas  
[McCrosky,  19701. Compared  to mos t  P r a i r i e  Network me teo r s ,  Lost G r 4 y  
i s  unusual. The init ial  velocity (14. 2 k m / s e c )  i s  i n  the lowest 6% of our 
m e t e o r s .  The init ial  height (86 km)  i s  substantial ly g r e a t e r  than that oi the 
average  low-velocity me teo r .  The end velocity ( 3 .  5 k m / s e c )  and end h e r g b ~  
(19 km)  a r e  both r eco rd  lows f o r  P r a i r i e  Net me teo r s .  The duration of ti-e 
photographed event (9. 0 sec )  i s  the  t h i rd  longest  in our collection. The Irght 
cu rve  ( intensity v s .  t ime)  i s  remarkab ly  smooth.  The few sl ight  f l a r e s  are 
apparent ly  assoc ia ted  with the f ragmentat ion of the meteoroid .  Two small 
f ragments  that  depa r t  f r o m  the ma in  t r a j ec to ry  a r e  vis ible  a t  al t i tudes c x f  
30-40 km. They d i sappear  within a few tenths of a second. 
During the  l a s t  1. 5 s e c  of the t r a i l ,  t h r ee  separa te  f ragments  are visible 
on the  Hominy ~ h o t o g r a p h .  The other ,  m o r e  distant  stat ions e i ther  do  rot 
show the end port ion of the  t r a i l  o r  have insufficient resolution. The faintesr-. 
This  work was supported in par t  by gran t  NGR 09-015-004 f r o m  the N a t l s n a l  
Aeronaut ics  and Space Administrat ion.  
t r a i l  (111) i s  well  separa ted  on the photograph f r o m  the br ightes t  (1) for the 
l a s t  1 s e c  of i t s  t r a j ec to ry  and can  be measu red  a s  a s epa ra t e  object. At 
i t s  end height (24  km) ,  the velocity i s  4 k m / ~ e c .  The t r a i l  of interrned,ate 
b r igh tness  (11) i s  near ly  super imposed on the br ightes t  t r a i l  and i s  recog- 
nizable only because  of i t s  sl ight  differential  decelera t ion with respect  to  I. 
No recognizable t r a c e  of I1 occurs  during the l a s t  0 .  5 s e c  of I. 
T r a i l  I1 i s  about one magnitude fa in te r  than t r a i l  I, and t r a i l  LII is v e r y  
much  fa in te r  - about four  magnitudes - than the o thers .  Thus,  both the 
brightness  and the  duration suggest  that  the f ragments  consis t  of two l a r g e  
p ieces  of detectably different but comparable  s ize  and one v e r y  much smaEie- 
piece. In addition, t r a i l s  of other sma l l e r  p ieces  could be los t  in the bright 
images  of the m a i n  t r a i l s .  
2. IMPACT PREDICTIONS 
Measurements  of the me teo r  photographs [McCrosky and Posen,  1 94 81 
give re la t ive  dis tances ,  Di, along the t r a j ec to ry  line f o r  e ach  ith t ime  
in te rva l  defined by the chopping shutter .  Exper ience  h a s  shown that  the 
m e a s u r e s  can usually be well  r epresen ted  by the  exp re s s ion  
The  t e r m i n a l  p a r t s  of the  t r a i l  fo r  low-altitude objects like Los t  City can be 
descr ibed  by the  s imple r ,  constant-decelera t ion equation 
In  e i t he r  c a se ,  the constants (a ,  b, c ,  and k )  a r e  determined by a l e a s t - squa re s  
f i t  over  a t r a j ec to ry  a r c  of 1- - 2- sec  duration. The velocity and clecelera- 
t ion a r e  derived f r o m  equation (1) o r  (2) by differentiation. 
The d r a g  equation i s  
-, 
where  S is the  projected f ron ta l  a r e a  of the body, m i s  the body m a s s , V  1s the 
velocity,  C i s  the d r a g  coefficient, and p i s  the a tmospher ic  density,  or D 
where  v i s  the bal l i s t ic  coefficient. The r ight-hand s ide  i s  known f r o m  the 
2 t r a j e c to ry  and the a tmosphere .  F o r  t r a i l  I of Los t  City, we find v = 2 2  g / c m  
a t  a point n e a r  the end of the luminous t ra i l .  
The  impac t  point was predic ted by using the known position, velocity 
(including di rect ion) ,  and bal l i s t ic  coefficient and by per fo rming  a numer ica l  
in tegra t ion of the complete  d r a g  equation containing gravi ty  and wind effects  
i n  addition to  the body fo rce .  We used a s t andard  a tmosphe re  f o r  the a i r  
densi ty  and took the winds aloft f r o m  the radiosonde flown f r o m  Oklahoma 
City at 1800 CST, 2 h r  before the  m e t e o r .  The  wind was m e a s u r e d  t o  15 km. 
The  wind d i rec t ion  a t  a l l  al t i tudes was  280" * 10, and the  speed ranged from 
5 m / s e c  a t  the su r face  t o  65 m / s e c  at 8 krn. 
Since we had no p r i o r  knowledge of the body shape,  we a s sumed  r t  t o  De 
sphe r i ca l  and of me t eo r i t i c  density.  I n  the t e rmina l  phases  of i t s  luminous 
flight, the bal l i s t ic  behavior  of Los t  City was  l ike that  of a 1 .  2-kg sphe re  of 
me t eo r i t i c  ma t e r i a l .  We a s sumed  that  the bal l i s t ic  coefficient der ived i r o m  
the observat ions  and the d r ag  equation was the appropr ia te  value to use  :n 
f u r t h e r  in tegra t ions  of the  s a m e  equation. Thus ,  the in tegrat ion was p e r -  
f o rmed  with a d r a g  coefficient appropr ia te  f o r  a sphe re ,  i. e . ,  C D  = 0 "  9 2  Lor 
the e x t r e m e  supersonic-f low r eg ime  and dependent on Mach number ,  Mz,  
and on Reynolds number  f o r  Ma 5 3 .  
With the me teo r i t e  now in  hand, we cannot improve  on the predicted 
impact .  The ac tua l  d r a g  f o r c e  a s  a function of t i m e  depends on complex and 
unknown var ia t ions  i n  the d r a g  coefficient  and body orientat ion.  These  va r r a -  
t ions a r i s e  f r o m  changes i n  the d i rec t ion  of the d r ag  f o r c e  that  occcr ,  f o r  
example ,  whenever  the wind field changes  i n  d i rec t ion  o r  magnitude.  Tne 
a i r  s t r e a m  will  then be  acting on a new su r f ace  (with a different  bal l i s t ic  
coefficient)  until  s uch  t ime  a s  the me t eo r i t e  c an  be  reor ien ted  to a s t ab le  
flight position. 
We can  a s s e s s  the deg ree  of validi ty of ou r  method of impact  predrctron 
d i rec t ly  only when we have made  a r e cove ry  o r  indirect ly  by the followrng 
a rgumen t s .  Cons ider ,  f o r  desc r ip t ive  purposes ,  the dark-f l ight  t r a jec to ry  
to  be  roughly approximated by two independent sect ions .  F i r s t ,  the body 
continues i n  i t s  in i t ia l  d i rec t ion  until  dece le ra ted  to Ma  - 1.  I n  the second 
sect ion,  the body is i n  ve r t i c a l  f r e e  fa l l  except  f o r  any displacements  by wlnd. 
F o r  t r a j e c to r i e s  with mode ra t e  to l a rge  zeni th  angles  of the flight path, say  
z > 30° ,  m o s t  of the hor izonta l  d isplacement  of the impac t  point f r o m  the lase 
observed  point wil l  occu r  during the f i r s t  section.  So long a s  the b a l l ~ s t r c  
coefficient  does  not v a r y  appreciably  during this  portion, the spherical-body 
approximat ion is valid. The speci f ic  assumpt ions  f o r  the impac t  predrctron 
a r e  that  ( a )  the me t eo r i t e  does  not abla te  o r  f ragment  a f t e r  the end of the 
luminous t r a j e c to ry ;  (b) the body, i f  highly a symmet r i c a l ,  has  reached ;t 
s tab le  or ienta t ion by the end of the luminous t r a j e c to ry  and does not tumble 
during d a r k  f l ight;  and ( c )  the va r ia t ions  i n  the d r a g  coefficient with Mach 
and Reynolds number s  a r e  propor t ional  to those  of a sphe re ,  i. e . ,  
(body)/CD ( sphe re )  = constant .  Condition (a)  is probably m e t  by m o s t  mete- 
o r i t e s .  The body has  a l r e ady  passed  through peak dynamic load,  a.nd the 
heating r a t e  a t  v < 4 k m / s e c  m u s t  be v e r y  low. Condition (b) might  f a l l  rf 
m a j o r  f ragmenta t ion  occu r s  n e a r  the end of the t r a jec to ry ,  permittrng new 
torques  to be  applied to the body. Whether o r  not the body will qulckly reach 
a s tab le  position would depend on the deta i ls  of the shape.  Condition jc) rs 
subject  to exper imenta l  ver i f ica t ion and c a n  be  a t tempted on a Los t  Crty 
model .  
Winds c a n  d i sp lace  the impac t  point of s p h e r e s  of 1 - 10 kg by several 
ki lomete rs .  We have no m o r e  than intuition to  guide us i n  es t imat ing the 
e r r o r s  a r i s i ng  f r o m  unknown shape in  the second sect ion of the  extrapolated 
t r a j e c to ry .  E r r o r s  of 50% in the wind displacement  s e e m  unlikely f o r  bodies 
of ' r e a sonab l e '  shape.  However, a  f l a t  plate in  a constant-velocity winc!field 
will  a s s u m e  a nonzero angle of a t t ack  with r e spec t  to the ve r t i c a l  and ke 
subjected to a lift  f o r c e  that cannot be  included in ou r  computations.  
Lif t  o r  o ther  f o r c e s  n o r m a l  t o  the d r a g  fo rce  m a y  well  occur  Lor any 
nonsymmet r ica l  body during any por t ion of the t r a jec to ry .  The  resu l t  of' 
such  f o r c e s  is observed  i n  the separa t ion  of the  f ragments  in the Los t  City 
photograph. When the observed m e t e o r  t r a i l  i s  ar t i f ic ia l ly  'straighteneci '  by 
removing the effects  of gravi ty  and a tmosphe r i c  re f rac t ion  ( s e e  M c C r  o s k y  
and P o s e n  [I9681 f o r  d i scuss ion  of these  p rocedures ) ,  we find that  trail !:IT 
continues in the or ig inal  flight d i rect ion and that  t r a i l s  I and 11 curve  to  the 
nor th  T r a i l  I h a s  changed di rect ion by about l o  a t  the end. This  is a 
m in imum displacement  in that  we view only that component in the plane 
perpendicular  to  the l ine of sight. F igu re  1 shows the computed su5rneteorl tc  
ground path during the f inal  port ion of the dark-fl ight  t r a j e c to ry  for the frag- 
ment  responsible  f o r  t r a i l  I. The observed  bal l i s t ic  coefficient was used. 
The impac t  point f o r  the zero-wind c a s e  i s  shown f o r  compar ison.  A correc- 
t ion f o r  the l o  depa r tu r e  f r o m  the or ig inal  d i rec t ion  has  been applled ;n both 
c a s e s .  
An  a t tempt  was  made  to  p red ic t  a n  impact  f r o m  t r a i l  11. The measure- 
m e n t s  we re  ex t r eme ly  difficult, and poor ,  and we had v e r y  l i t t le  confidence 
2 in  them.  A bal l i s t ic  coefficient of 22  g / c m  was found, but the probable 
e r r o r  could have been one-half of th i s .  The  velocity a t  the end of the trajec- 
t o r y  is not well  determined.  Impact  solutions fo r  va r ious  ball is t ic  coefficients 
and t e r m i n a l  veloci t ies  that  might  be reasonab le  cover a ground a r e a  of many 
hundreds  of a c r e s  t o  the  west  of the t r a i l  I impac t  point. 
T r a i l  111 could be  m e a s u r e d  with s o m e  precis ion,  but given the low 
2 bal l i s t ic  coefficient of l e s s  than 10 g / c m  , we had v e r y  l i t t le  confidence in 
the  impact  point (see  McCrosky  and Ceplecha [I9691 f o r  a d iscuss ion of 
impact  e r r o r s  a s  a function of body s i z e ) .  Our  computed impac t  area f(, r 
t r a i l  I11 was  about 2 k m  to the nor thwest  of that  f o r  t r a i l  I .  
F i g u r e  1 demons t r a t e s  that  wind co r r ec t i ons  a r e  not negligible. The 
Los t  City me t eo r i t e  had par t i cu la r ly  l a rge  displacements  caused by winds  of 

nea r ly  j e t - s t r e a m  fo r ce .  This  disadvantage was a t  l eas t  partially counLer- 
balanced by having the wind d i rec t ion  nea r l y  the s a m e  a s  the fllght directLon 
of the me teo r .  This c i r cums t ance  i s  advantageous because  e r r o r s  in "c~e 
bal l i s t ic  coefficient  tend to produce compensating e r r o r s  in  the impact  p s ln t ,  
F o r  example ,  if too s m a l l  a  bal l i s t ic  coefficient is used,  the hypothetical 
me teo r i t e  would dece l e r a t e  too rapidly during the f i r s t  port ion of the trajec- 
t o ry  and would, in the absence  of winds,  fa l l  s ho r t  of the actual  body, B J ~  
dur ing the second sect ion when winds a r e  the m a j o r  agent ,  the s m a l l e r  bc~dy 
will be given a g r e a t e r  d isplacement  and thus  tend t o  ca tch up with the  rea l  
object  by the t lme  impact  occu r s .  
These  a rguments  a l so  permit ted  us to make  some  genera l i zed  est irr lates  
on the location of f r agmen t s  f o r  which we had no t r a j e c to ry  data .  W e  f c i t  
tha t  s m a l l e r  bodies could not proceed a s  f a r  south  a s  the l a r g e s t  prece dur rng  
the high-velocity port ion of i t s  flight. Since the winds we re  a lmos t  due  w e s t  
with only a s l ight  souther ly  component, we expected s m a l l e r  pieces t o  ' e 
nor th  of the m a i n  f ragment .  Our  computations f u r t h e r  indicate that theye 
s m a l l e r  f r agmen t s  should r ema in  west  of the l a r g e s t  one unless  they were 
s m a l l e r  than 1 g. 
3 .  RECOVERY 
Within 4 days  of the event, a n  impac t  a r e a  e a s t  of Los t  City, Olil;zilcma, 
was  predic ted f r o m  the data .  A snowfall of 7-9 in. occu r r ed  the day after 
the  fa l l  and c losed m o s t  of the  s i de  roads  until  January  9 .  On the afternoon 
of that  day, one of us (GS) recovered  a 9.  83-kg me teo r i t e  on the su r f ace  of 
a  d i r t  road.  We cu r r en t l y  believe this  to be  e i t he r  the ma in  m a s s  o r  olie of 
two p r i m a r y  pieces  of the me t eo r i t e  fal l .  I t  has  a complete  fusion c r u s t .  
The  leading su r f ace  i s  wel l  defined by flow l ines  and i s  notably smoother  
than the aft  su r f ace .  T h e r e  was  no obvious c r a t e r  i n  the immedia te  viclnrty 
of the r ecove ry  point. Snow prevented any ca re fu l  inspection of the area at 
the  t ime .  L a t e r ,  the mel t ing snow produced a thick l aye r  of mud, and Lraifrc 
would probably have obl i tera ted any c r a t e r  sha l lower  than about 10 cm. N o  
c r a t e r  was  found in  the adjoining roadside .  We believe the road was hard 
packed and d r y  a t  the t ime  of fa l l .  Pe rhaps  c r a t e r i ng  was  negligible. Xow- 
e v e r ,  we a l s o  suppose  i t  poss ible  that  the me t eo r i t e  landed e l sewhere  and  wzs 
t r an spo r t ed  to the r ecove ry  s i t e  by means  c r  pe rsons  unknown. 
Los t  City is i n  the foothills of the Oza rks ,  a region specif ical ly excluded 
in  the des ign of the Network because  of the poor t e r r a i n  f o r  me t eo r i t e  recov-  
e ry .  Scrub  pine and oak f o r e s t s  a r e  common, and the chance of r e cove ry  in 
t h e se  i s  negligibly sma l l .  However,  the immedia te  surroundings  of the pre- 
dic ted impac t  point consis t  equally of f la t  pa s tu r e  land and woods p a r t i a l l y  
c l e a r ed  by grazing.  Had the  road not been t h e r e  and had we ini t iated our 
no rma l  s e a r c h  pa t t e rns  about the predic ted impac t  point, we would have had 
2 to  s e a r c h  l e s s  than 0 . 8  k m  before  reaching the actual  r ecovery  point. We 
bel ieve  that  the exist ing snow and the snow that  followed would have delayed 
recovery  f o r  about a month.  Many radioactivi ty m e a s u r e s  would liave beec 
s e r i ous ly  hampered .  
M o r e  good fortune befel l  us with the  geomet ry  of the me t eo r i t e .  TGirs 
or iented s tone should be of m o r e  than ave rage  value f o r  bal l i s t ic  and ab lahon  
s tudies .  We w e r e  probably only a few hours  too l a te  in our  r e cove ry  to mee t  
the r equ i r emen t s  of those  biochemists  with a n  i n t e r e s t  in  organic  cornpaunds 
i n  me t eo r i t e s .  Judging f r o m  the footprints  around the me teo r i t e  and the 
s ta ined snow immedia te ly  adjacent  to i t ,  we believe this  object to have been 
s e r i ous ly  contaminated by a dog o r  s o m e  o the r  canine.  
The  point of r e cove ry  of f r agmen t  1 is labeled '1 ' in  F igu re  2. Xubse- 
quent f inds a r e  nurnbered in chronological  o r d e r  of t h e i r  r ecovery .  Point i 
is about 700  m f r o m  the predic ted impac t  point, I .  Impact  11, a s  noted p r e -  
viously, is v e r y  poorly determined.  I t s  proximity  t o  '1 ' i s  probably not 
significant .  The dis tance  of the Network s ta t ions  f r o m  the r ecove ry  pornt 
exceeds  that  f o r  any other  me t eo r i t e  within the  Network.  We could have 
reasonab ly  expected a l a r g e r  impac t  e r r o r  f o r  th i s  case .  In r e t r o s p e c t ,  we 
can  unders tand the  e r r o r  component pe rpend icu la r  t o  the  flight path i f  the 
l a t e r a l  f o r ce  was  mainta ined during d a r k  flight. A negative lift fo rce ,  -which 
would not be apparen t  on the Hominy photograph, would be requ i red  t o  accol~ ln t  
f o r  the  e r r o r  along the flight path. We think i t  m o r e  l ikely that these  errors 
a r e  inherent  in our  predic t ion p rocedu re s  o r  in  the difference in the w i n d  
f i e lds  a t  Oklahoma City and L o s t  City. 
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Fig .  2 .  Map of the me teo r i t e  s e a r c h  a r e a .  The Roman numera l s  r x a r k  
the predic ted impac t  points der ived f r o m  the t h r ee  t r a i l s  photograpl~ed at the 
end of the t ra jec tory .  Points I1 and I11 were  poorly de te rmined .  The AraSlc 
numbers  a r e  positions of me teo r i t e  recover ies .  The numbers  a r e  in chrono- 
logical  o r d e r  of d iscovery a s  r e f e r r e d  to  in the text .  The a r e a  searched  
by the P r a i r i e  Network t eam i s  shown by solid l ines .  The a r e a s  bounded by 
dashed l ines a r e  the m o r e  difficult fo res ted  regions that have been searched 
l e s s  thoroughly. 
2 A m e a s u r e m e n t  of the m a i n  m a s s  gives m / S  = 26 g / c m  . If ou r  m e a s -  
u r emen t s  a r e  without e r r o r  and i f  the ma in  m a s s  was  responsible  for t r a i l  I, 
then the d r ag  coefficient f o r  this  body in  superson ic  flow would be  C -- 1 .  2 ,  D 
Wind-tunnel m e a s u r e m e n t s  of a mode l  a r e  requ i red  to de t e rmine  the actca! 
d r a g  coefficient. Any reasonab le  d i sc repancy  between the predict ion and 
m e a s u r e m e n t  c an  be absorbed  by a change i n  the a s sumed  shape,  but it may 
a l so  indicate that  our  associa t ion of the me t eo r i t e  with the br ightes t  trail i s  
in  e r r o r .  
At this  t ime ,  we accept  the co r r e l a t i on  between the ma in  m a s s  and 
t r a i l  I because  of the apparen t ly  valid impac t  predict ion and of the fair agree- 
ment  between the bal l i s t ic  coefficient m e a s u r e d  in  flight and that  expected for 
the me t eo r i t e .  The m o s t  compell ing evidence to the c o n t r a r y  would be the 
r ecove ry  of a s t i l l  l a r g e r  f ragment ,  which would have to be  co r r e l a t ed  w ~ t h  
the b r igh tes t  t r a i l  r ega rd l e s s  of i t s  p lace  of impac t .  
A second,  s m a l l  f r agmen t  (272  g )  was  found on January  17 by P h r l l p  
Halpain while he  was  walking through h i s  pas tu re .  F r a g m e n t  2 i s  a Iiighly 
f lat tened piece of roughly rec tangula r  shape.  The fusion c r u s t  i s  coinplete.  
The  me teo r i t e  landed with i t s  f la t  su r f ace  down and i t s  heavy end in  the 
fo rwa rd  di rect ion.  I t  was  bur ied i n  the sod to  i t s  own depth. We proposc  
the name 'Los t  City Meteor i t e  - Halpain F r a g m e n t '  f o r  this  spec imen  in  
acknowledgment of M r .  Halpain 's  d i scovery  and his  thoughtful generos  rty 
that  pe rmi t t ed  a n  e a r l y  ana lys i s  of the f r agmen t  f o r  shor t - l ived i so topes .  
Our  in i t ia l  s e a r c h  was  in  the region to  the northwest  of no. 1 ,  w h e r ~  we  
expected s m a l l e r  m a t e r i a l  to land. The a r e a  was  mos t ly  f o r e s t  with con- 
s i de r ab l e  undergrowth.  The chances  of r e cove ry  h e r e  a r e  exceedingly small.  
The a r e a  of r e cove ry  of the th i rd  piece was  to the e a s t  of our  p r i m a r y  s e a r c h  
region.  We sea r ched  this  a r e a  soone r  than or ig inal ly  planned a f t e r  r n l e r -  
viewing M r .  Rufus Yaeger ,  a  local  r es iden t  who, by the g r ea t e s t  good fortune,  
was able  to r epo r t  a  unique a spec t  of the m e t e o r  event. He l ives  about 4i!2 ii? 
nor th  of point 3 (F igure  2) .  He was  unaware  of the f i r eba l l  but happened L C  
leave his  house during the 90-sec  period between the end of the photographed 
t r a j e c to ry  and impact .  He was outside before  the  f i r s t  sonic booms arr iv-ed,  
They d r e w  his  at tention to the wes t e rn  sky,  where  he believes he saw three 
red  l ights.  While his  detai led observat ions  of the phenomena a r e  inconsi stenl 
with what we know of the t ra jec to ry ,  t h e r e  i s  not much  doubt that  he was 
viewing, f o r  perhaps  10 s e c ,  m o r e  than one glowing me teo r i t e .  At the t i inc ,  
he was  under  the impre s s ion  that  he was  witnessing a n  a i r c r a f t  in d i s t r e s s .  
In  t h i s  exci tement ,  it can be expected that  h i s  observat ions  would not be Fe r -  
fe ct.  He was  cer ta in ,  however,  that  a f t e r  the visual  event  was  over ,  he heard  
' a  thud, l ike something heavy hit t ing the  ground1 t o  the  south of h im.  The , r a in  
impact  was a m i l e  away and the s m a l l  Halpain f ragment  a half mi le  away,  
It s e emed  to us unlikely that he could have heard  e i the r  of these .  
F r a g m e n t  3 ( 6 . 6  kg) was  recovered  on F e b r u a r y  2 by Schwartz ,  Bvar* 
B u r r ,  J a m e s  Sohl, and J. T. Wil l iams,  a l l  of SAO, in the cou r se  of a sy s - 
t emat ic  s e a r c h .  I t  was  found in the bot tom of a hole 30 c m  deep In a r o u g L  
pas tu re .  The hole d i ame te r ,  22  c m ,  was  comparab le  to that of the ~ - n e t e ~ ~ r l t e ,  
Many o ther  equally suspic ious  depress ions  c a n  be  found i n  the pas tu re .  Thcse 
a r e  caused  by old an imal  bur rows  col lapsed by ca t t l e  o r  a r e  en t rances  t o  
t he se  bu r rows .  A subsequent excavation around the c r a t e r  a r e a  fal led l o  show 
a bu r row  assoc ia ted  with the c r a t e r .  
The me teo r i t e  c r a t e r  was  thought to be  unusual but not su f f i c~en t l y  s o  to 
photograph i t  before  the deta i ls  w e r e  des t royed  by ou r  ini t ial  excavatron, it 
was noted, however,  that  about 5 crn of d i r t  covered  the me teo r i t e ,  the t i?p 
of the  d i r t  l aye r  being about 15  c m  below the su r f ace .  Two s m a l l  c r a c k s  
extended out f r o m  the c r a t e r  wall  about 2 c m ,  one to the e a s t  and the other -io 
the southeas t .  At  the end of e ach  c r a c k  and para l l e l  to  the c r a t e r  edge, t he r e  
was  s o m e  loose  d i r t  about 2 c m  high and 10-15 c m  long. The meteor r te  has 
a complete  fus ion c r u s t  and a suggest ion of flow l ines .  The smooth<,r  ab la -  
t ion su r f ace ,  which i s  cha r ac t e r i s t i c  of the leading su r f ace  of f raginent  i , 
occu r s  a s  a s m a l l  a r e a  of th is  f ragment ,  indicating that  i t  may  not have ilcwrl 
in  a max imum-d rag  orientat ion.  
F r a g m e n t  4 (640 g) was recovered  by Sohl, i n  the company of Schwai-tz 
and B u r r ,  on May 4. This  piece a l s o  has  a complete  fusion c r u s t .  The m e t e -  
o r i t e  was  lying on the sur face .  No c r a t e r  was found. 
On the f ace  of i t ,  i t  i s  difficult to s e e  how this  s m a l l e r  body and the thrrd 
f r agmen t  could have landed to the e a s t  of the ma in  m a s s ,  i .  e .  , f a r t h e r  a long  
the t r a j e c to ry ,  unless  they had substant ia l  positive lift with r e spec t  t o  the 
main  body. If f r agmen t  3 i s  the  object  a ssoc ia ted  with t r a i l  11, then o u r  
impac t  e r r o r  exceeds  2 km.  With r ega rd  to fu tu re  impact  predic t ions ,  these  
f r agmen t s  c ause  us a s  much  conce rn  a s  the f i r s t  piece gives us confidence, 
2 Approximately  2 . 6  km was s ea r ched  with c a r e  during the c o u r s e  o f  
2 500 man-hou r s  of walking. An addit ional  0. 8 k m  of difficult ter ra in .  was  
covered ,  with g r ea t l y  reduced efficiency, during 100 man-hours  of s e a r c h .  
We concluded o u r  recovery  effort  on December  6, 1970. 
4 .  PHOTOMETRIC AND DYNAMIC MASSES OF THREE METEORS 
A. Pho tomet ry  
i.,,-.---.-- -- 
Photomet r ic  methods  used f o r  P r a i r i e  Network m e t e o r s  have been 
desc r ibed  in deta i l  e l sewhere  [ ~ c C r o s k ~  and Posen ,  19681. Br ief ly ,  cbrr?- 
pa r i son  of the densi ty  of the m e t e o r  image  is made  with that of the t r a l l s  
of s t a r s  of known br igh tness  on the m e t e o r  f i lm.  Appropr ia te  cor rec t rons  
a r e  made  f o r  the re la t ive  t ra i l ing velocity of m e t e o r  and s t a r ,  co lo r  dr l fer -  
ences  of the s t a r s ,  and ce r t a i n  optical  and photographic effects .  The result 
i s  exp re s sed  i n  apparen t  s t e l l a r  magnitude,  M Thus,  a  0 -mag  rne:eor 
~ P P '  
would produce the s a m e  image  a s  a 0 -mag  A0 s t a r  i f  the s t a r  image  w e r e  
moved a c r o s s  the f i l m  plane a t  the  m e t e o r  ra te .  Absolute me t eo r  magnitudcs,  
M, a r e  apparent  magni tudes  adjusted t o  a s t andard  dis tance  of 100 h. I2tn"oen- 
s i t y  i s  re la ted  to magnitude by 
A comment  on the spec ia l  na tu re  of the P r a i r i e  Network photometric 
r e su l t s  i s  per t inent .  Most  a s t r onomica l  magnitude s ca l e s ,  including r:os t 
m e t e o r  a s t r onomy  sca l e s ,  a r e  specif ied f o r  a l imi ted region of the spectrun?.  
The  m o s t  common m e t e o r  s y s t e m s  a r e  the so-ca l l ed  photographic (pg) and 
visua l  (v). I n  the photographic s y s t e m ,  the upper  wavelength l imi t  oi s e n s i -  
t ivi ty i s  that  of a blue-sensit ive emuls ion,  X 5 5000 A, and the lower  I i~mi t  i s  
that  de te rmined  by the absorpt ion of the a tmosphe re  o r  the opt ics ,  X ?, 3500- 
3800 A. The v i sua l  magnitude s c a l e  c an  be  e i t he r  what the name  implies 
(i. e . ,  based  on the response  cu rve  of the eye)  o r  based on a photographic o r  
photoelectr ic recording s y s t e m  with a max imum response  a t  A = 5400 
whe re  the eye is m o s t  sensi t ive .  Sources  with different  s p e c t r a l  d is t r ibut ions ,  
of c o u r s e ,  produce di f ferent  r e sponse s  in  the two s y s t e m s .  A z e r o  point for 
any magnitude s c a l e  is es tabl ished by ass igning the s a m e  numer ica l  magnitude 
to a s t a r  of s p e c t r a l  c l a s s  AO. F o r  o ther  objects ,  the di f ference in the r n a g -  
ni tudes def ines  a co lo r  index, C . I .  = M - M . 
Pg v 
P r a i r i e  Network data  a r e  recorded  on panchromat ic  f i lm,  and thus our  
s c a l e  co r r e sponds  to nei ther  of the usual  ones .  (The choice of filrrh rs d ~ c t a t e d  
i n  p a r t  by compell ing economic r ea sons  - m o s t  of our  f i lm  has  been obtained 
without co s t  f r o m  Defense Depar tment  su rp lu s .  ) We have found the emsl r rcd  
re la t ionships  M = M + 0. 3 (C.I .  ) f o r  s t a r s  e a r l i e r  than s p e c t r a l  class 
Pan v 
K2  (i. e . ,  f o r  a l l  but the v e r y  r ed  s t a r s ) .  We wil l  show l a t e r  that  M -- 
~g Mpan 
f o r  m e t e o r s .  Magnitudes quoted he r ea f t e r  without subscr ip t s  a r e  absoLuie, 
panchromat ic  magni tudes .  
Both the m e t e o r ' s  luminosity and i t s  bal l i s t ic  coefficient a r e ,  in s o m e  
way, re la ted  to i t s  m a s s .  Most  a t t empts  to provide knowledge about the 
physics of the m e t e o r  p roce s s  o r  about the s t r u c t u r e  of meteoro ids  rely cn 
compar i son  of t he se  nea r l y  independent indicators  of m a s s .  F o r  bodies of 
unknown shape  and density,  the  a r e a  f ac to r  in  equation (3) c a n  be e x p r e s s e d  
a s  
whe re  p is the bulk densi ty  and A i s  a  d imens ion less  shape fac to r .  
m 
then define the dynamic m a s s  m a s  d 
Almost  all me teo r  spec t r a  show that  me te  or luminosity i s  due prima r i ly  
t o  excited m e t e o r  a toms .  Th i s  i s  t r ue  f o r  m e t e o r s  m o r e  than 100 t imes  
fa in te r  than Los t  City. It  i s  a l s o  t r u e  fo r  a me teo r  of -18 m a g  - m o r e  t h a n  
100 t i m e s  br ighter  than Los t  City - observed  by Ceplecha. Details  of the  
s p e c t r u m  a r e  unpublished, but a brief s u m m a r y  h a s  been given by McCro* 
and Ceplecha [1970]. Many spec t r a  due t o  cometary  meteoro ids  have becn 
published. T h e r e  a r e ,  of course ,  no s p e c t r a  of m e t e o r s  known to  be p r c -  
duced by stony me teo r i t i c  ma te r i a l .  We a s sume  the two types  of spec t ra  
have s imi l a r  cha rac t e r i s t i c s .  To  the extent  that  the luminosity i s  p roduced  
by the  me teo r  a toms ,  the observed intensity m u s t  be re la ted  t o  the ra te  of 
vapor izat ion of the  meteoroid .  F o r  m e t e o r s  considerably  fa inter  than Lost 
City (M -5),  the  intensity, I, can be represen ted ,  to  within the  l im i t s  of 
the  observat ions ,  by 
where  T i s  the luminous efficiency fac tor .  The photometric m a s s  at  any 
t ime ,  t ,  of the t r a j ec to ry  i s  given a s  
In  the following, we will compare  the photometric m a s s  with the dynamrc 
m a s s .  Anticipating ou r  resu l t ,  we will  find that  the cu r r en t l y  available data 
a r e  sufficient to place reasonable  l imi t s  on a sca le - fac tor  cor rec t ion  l o  dur 
chosen luminosity law. We cannot de t e rmine  var ia t ions  of the  sca le  f a c t o r  
along the  t ra jec tory .  The co r r ec t i on  fac tor  m a y  encompass  (a)  reaL d l f i e r -  
ences  in the luminous efficiency fac tor  between bright  and faint  m e t e o r s ,  (b) 
gas-cap radiat ion,  which we explicitly ignore  because  of i t s  apparently rn lno r  
ro le  in m e t e o r  s p e c t r a ;  and (c) e r r o r s  in  measu remen t .  
Our  purpose,  then, i s  to provide an  improved m a s s  cal ibra t ion fo r  other 
f i reba l l s :  We hope that  s tudies  of c o s m i c - r a y  effects wil l  eventually p r c v i d e  
l imi t s  on an  important  ini t ial  condition - the p rea tmospher ic  m a s s  - t h a t  Iias 
here to fore  been  a n  unknown, to  be  de te rmined  f r o m  the m e t e o r  o b s e r v a t ~ o n s .  
With the added cons t ra in t  on ini t ial  m a s s ,  f u r t h e r  improvements  in  the cali- 
bra t ion  wil l  probably be possible.  
We include in  this  r epo r t  a  second P r a i r i e  Net me t eo r ,  40617, that  
occu r r ed  a f t e r  Los t  City on January  31, 1970. The m e t e o r  was  t h r ee  mag- 
nitudes fa in te r  than Los t  Ci ty  and occu r r ed  a t  3 a . m .  I t  did not a t t r a c t  a.cy 
local  at tention;  we learned of the event during routine inspection of ou r  i-lrn. 
We es t ima t e  the t e rmina l  m a s s  to be  substant ia l ly  l e s s  than that  oL Los t  Crty. 
A s ea r ch ,  in  excel lent  t e r r a i n  in Nebraska ,  m o r e  extensive  than that  fo r  Los t  
City has  yet  to yield a meteor i t e .  Otherwise ,  the s im i l a r i t i e s  between t h e  
two events  a r e  r emarkab l e .  These  include ini t ial  and f inal  velocities, t h e  
amount of a tmosphe re  penetra ted,  the durat ion,  and the occu r r ence  of 
mul t ip le  f r agmen t s  that  p e r s i s t  f o r  a n  apprec iab le  f rac t ion  of the t r a j e c to ry .  
Both m e t e o r s  w e r e  be t t e r  observed  than any previous  d e e p - p e n e t r a t ~ n g  P r a l r r e  
Net objects .  
We will a l s o  d i s cus s  a th i rd  P r a i r i e  Net m e t e o r ,  40503, a s  a coun te r -  
example  to demons t r a t e  that  a n  unconditional applicat ion of a c a l i b r a t i o :~  
der ived  f r o m  Los t  City and 40617 i s  probably unwarranted.  Meteor  40503 
provides  s t rong  evidence that  not a l l  br ight  f i r eba l l s  a r e  s t r uc tu r a l l y  s l rnr lar  
to  Los t  City. I t  was  much  b r i gh t e r  than Los t  City and produced sonic booms 
of a t  l e a s t  the s a m e  intensity.  We will  contend that  i t  could not have produced 
a me teo r i t e  i n  exce s s  of a few tens  of g r a m s .  
Los t  City.  Me teo r s  of high apparen t  intensity g rea t ly  exceed the d y n a r n ~ c  
range  of o u r  opt ica l  sy s t ems .  Photographs  f r o m  dis tant  s ta t ions  a r e  coinrnonly 
used f o r  photometry of b r i gh t e r  m e t e o r s .  The Los t  City photometry was  
accomplished p r i m a r i l y  with the f i lms  f r o m  Pleasanton and Woodward. The 
overexposed Hominy t r a i l  provided data  f o r  only the beginning and ends of 
the me t eo r .  Sky conditions w e r e  excel lent  a t  a l l  s ta t ions .  Where  photc-imelry 
is poss ible  f r o m  two s ta t ions ,  the ag r eemen t  is be t t e r  than 0 .  5 mag .  
In  the following, we use  a smooth  cu rve  (F igure  3 )  drawn through the 
observed  points. The position of a s m a l l  but d is t inct  f l a r e  v is ib le  on m o r e  
than one f i l m  is shown schemat ical ly .  The in tensi t ies  of the t h r ee  f s a g n ~ e n t s  
have been  summed  f o r  the light cu rve  of the f inal  1 . 5  s e c .  
Meteor  406 17. Th is  m e t e o r  was  photographed f r o m  10 s ta t ions  with 
excel lent  sky  conditions. The  fa int  l imi t ing magnitude and the  e a s y  reso lu -  
t ion  of the  t h r e e  t e rmina l  f r agmen t s  a r e  the r e s u l t  of the  sma l l  range 
( R  = 80 k m)  of the  m e t e o r  f r o m  the  Republican City, Nebraska,  s tat ion.  The 
br igh te r  por t ions  of the trail sl ightly exceed the  dynamic range  for  photcme"cy 
f r o m  th i s  stat ion,and that  p a r t  of the  light curve  (F igu re  3 )  was  determined 
f r o m  the  next  n e a r e s t  s tat ion,at  Ste inauer ,  Nebraska.  The  f l a r e s  at t = 4 .  95 
and t = 6.  3 s e c  have been confirmed by re la t ive  photometry  f r o m  t h r e e  
s ta t ions .  The  photometry  f o r  th i s  f a in te r  object i s  super io r  to  that  for Lost  
City. 
Meteor  40503. This  m e t e o r  was  photographed f r o m  nine s ta t ions  T h e  
bright  f l a r e s  of the  m e t e o r  exceed the dynamic range a t  a l l  s ta t ions .  Tke 
e n t i r e  film f r o m  the n e a r e s t  s ta t ion is par t i a l ly  fogged by the m e t e a r .  Zildr~id- 
ua l  clouds a r e  not  i l luminated,  and we believe the fogging is due prirnarL2y to  
s c a t t e r e d  light in sl ightly hazy  a tmosphere .  The two t e r m i n a l  f l a r e s  on th is  
f i l m  show image r e v e r s a l  in the co r e  of the image,  a unique characteris-crc of 
t h i s  P r a i r i e  Net  f i r eba l l ,  and one tha t  we hoped would provide a ca l rbra t ion 
f o r  the  m e t e o r .  Image  r e v e r s a l  occu r s  when an  in tense ,  shor t -durat ron 
pulse  of light is applied to d i s c r e t e  image  cen t e r s  in  the emuls ion.  We 
at tempted,  without succe s s ,  to produce image  r e v e r s a l  of the s u n ' s  image. 
The c a m e r a  was  pointed a t  the sun,  and the f i l m  t ranspor ted  through the 
focal  plane a t  a speed corresponding to the angula r  r a t e  of the m e t e o r .  At 
the focal  plane, a d iaphragm of about 10 t imes  the  d i a m e t e r  of the s u n ' s  
image  was used to  reduce the sky fog. In  addition, i t  was  n e c e s s a r y  to ;sse 
a neu t ra l  f i l t e r  of densi ty  = 1 to l imi t  the light. The s a m e  lens ,  rol l  of frlrn, 
and development p rocedure  used f o r  the m e t e o r  photograph w e r e  used ~ r _  these  
t e s t s .  
Fig .  3. Light c u r v e s  of t h r e e  f i r eba l l s .  Note the expanded time scale 
f o r  m e t e o r  40503. The l imi t  shown a t  t  = 6 s e c  f o r  this  m e t e o r  i s  the irrnit 
of sensi t iv i ty  of the photographic sy s t em.  T i m e s  of f l a r e s  on Lost  City and 
40617 a r e  shown schemat ical ly .  
The angula r  d i a m e t e r  of the sun  i s  d is t inct ly  l a r g e r  than that  of the 
m e t e o r ,  and s o m e  co r r ec t i on  i s  r equ i red  to account f o r  the di f ference -,m 
speci f ic  in tensi ty  s e e n  by the f i l m  i n  the two c a s e s  before  l imi t s  can  be placed 
on the m e t e o r  intensity.  We will f i r s t  take the min imum angula r  size of the 
m e t e o r ,  DM = 4! 5 ( a r cmin )  to be  equal  to that  of the r e v e r s e d  c o r e  of the 
image .  I t  i s  unimportant  whether this  quantity r e p r e s e n t s  the actual  m e t e o r  
s i z e  o r  the image  s i z e  (me t eo r  s i z e  i nc r ea sed  by abe r r a t i on )  s ince  In e i the r  
c a s e  i t  is this  a r e a  of the f i l m  ove r  which the specif ic intensity was  great 
enough to c ause  r eve r s a l .  The panchromat ic  magnitude of the sun  is Tv1= -26.7 
Allowing 0 . 3  mag  f o r  a tmospher ic  absorpt ion and 2. 5 mag  f o r  the f i l t e r ,  the 
sun  app ea r s  to  the c a m e r a  a s  a sou rce  of M = -23.9 .  A f rac t ion  of thrs 
v 
s o u r c e ,  given by ( D ~ I D ~ ) ~  where  D = 32 ' ,  the s u n ' s  d i ame te r ,  did not p ro -  0 
duce r e v e r s a l ,  and we conclude that  the apparen t  magnitude of the m e t e o r  at 
i t s  b r igh tes t  point m u s t  then be  
M < -23.9- 5 log D /Do- 2. 5 log 1 .  
aPP M 
The  radia t ion a t  the sun ' s  cen te r  i s  1 .  2 t i m e s  i ts  m e a n  radiat ion.  The final 
t e r m  in the equation c o r r e c t s  f o r  the l imb  darkening.  
The  above limit is conservat ive  s ince  we have co r r ec t ed  fo r  a tmospher ic  
absorp t ion  in the case  of the sun  but not f o r  the me t eo r ,  which occu r r ed  in 
a l e s s  favorab le  sky. F u r t h e r m o r e ,  in  reducing the sun ' s  magnitude,  we 
have used a m i n i m a l  a r e a  of the sun, corresponding to  the effective a r e a  of 
the  m e t e o r .  I n  fac t ,  the  en t i r e  equa tor ia l  zone of the sun  of width 41 5 
migh t  contribute t o  the r e v e r s a l  effect .  In th i s  second ca se ,  we can  ignore 
l imb  darkening,  and we have approximately  
M "PP <-23 .9-  2 . 5  log [($I / (DMD0] = -21.6 
The  range of the m e t e o r  at the  f l a r e  was  R = 53  km.  The cor rec t ion  t o  the 
s tandard  range of 100 k m  is AM = -5  log R /  100 = 1 . 4  mag ,  and the abs  elute 
magnitude of the f l a re ,  depending on which of the  two mode ls  of the so la r  
image  is accepted,  is 
In the  following, we take the  round value of M = -20 for  the br ightes t  flare, 
noting that  we do not c la im a n  accu racy  of bet ter  than 2 m a g  for  th is  ve ry  
difficult case .  The  remainder  of the light curve shown in F igu re  3 has Seen 
de te rmined  by s tandard  procedures  fo r  port ions with M > - 12. Intermediate  
in tensi t ies ,  i. e .  , brighter  than M = - 12 but too faint  to show r eve r sa l ,  were 
determined f r o m  two distant  stat ions.  The m o r e  distant  of these ,  Wood\xrard, 
Oklahoma, was  par t ly  cloudy. A compar i son  of the overlapping regions of 
t he  light cu rves  f r o m  Woodward and Pleasanton suggested an additional a t r n o s  - 
pher ic  absorpt ion co r r ec t i on  of 0 . 1  mag  / a i r  m a s s  fo r  Woodward. The cur- 
rec ted  magnitude of the br ightes t  f l a r e  i s  again found to  be M =: -20. Howeve:, 
the total  absorpt ion co r r ec t i on  fo r  the f inal  portion of the t r a i l  i s  near ly  I0 m a g ,  
The  agreement  between our  es t imate  of br ightness  of the  f i r s t  f l a r e  f r o m  
the  image r e v e r s a l  and i t s  br ightness  f r o m  the Woodward data should not be 
given undue weight. B 0th determinat ions  a r e  uncertain.  
A th i rd  method of crude photometry was at tempted.  Exposu re s  of 1 J :  5 
s e c  t o  the  daylight sky, with the  sun  a t  the f i lm center ,  were  made through 
f i l t e r s  of densi ty  = 2 and density = 3 .  The sky fog on the f i r s t  of these  closely 
matched that of the me teo r  f i lm, while the sky  fog on the second was markedly 
l e s s .  If the sca t te r ing  proper t i es  of the a tmosphere  we re  the s a m e  fo r  me teo r  
and s o l a r  exposures  - an  admittedly weak assumption - the fog produced by an 
object with the light curve  given in F i g u r e  3 should equal that  of the s u n  rf 
exposed f o r  111 5 s e c  with a f i l t e r  of density = 2. 2 .  
The photometric resu l t s  a r e  of low accuracy  but a r e  adequate t o  reach 
two conclusions about me teo r  40503: (a)  this i s  the br ightes t  object observed 
in 6 y e a r s  of operation,  and (b) the integrated intensity of 40503 i s  of the order 
of 100 t imes  that of Los t  City. 
B. Photomet r ic  M a s s  
. .,,-L- 
A debate h a s  l a s t ed  f o r  s e v e r a l  decades  over  the appropr ia te  express ron  
of the luminosity l aw  f o r  m e t e o r s .  A p r i m a r y  purpose of the P r a i r r e  Kerworli 
w a s  t o  p lace  under  observat ion objects  of known density s o  that  that  quantrty 
could be disengaged f r o m  the luminous efficiency when photometric and 
dynamic m a s s e s  w e r e  avai lable  f o r  the s a m e  object .  A commonly used law 
f o r  the luminous efficiency has  been T = T V, where  -rO = 10 0 when the in - 
t ens i t i e s  a r e  on the photographic s ca l e  and i n  units defined by equalron (51 ana 
when the o ther  quanti t ies a r e  cgs .  This  number  was de te rmined  by ar t r f rcra--  
m e t e o r  exper iments  and conf i rmed by unusual  m e t e o r s  that we r e  p r e s u r ~ e d  LC, 
have the densi ty  of as te ro ida l  s tone.  A m o r e  complex relat ionshlp has  ,rer-entll~ 
been es t imated  [Ayess  e t  a l . ,  19701 f r o m  a l a r g e r  number  of ar t l f lcra l  i r on  
meteoro ids  in  the velocity range 8- 1 6  k m / s e c .  This  new resu l t  1s t he r e f a r e  
pa r t i cu la r ly  per t inent  to low-velocity objects ,  such  a s  Lost  Clty. Altllodgh r t  
m a y  not be  represen ta t ive  of the luminous efficiency of v e r y  l a rge  objects ,  w e  
accep t  i t ,  pro t empore ,  a s  the be s t  p resen t  es t imate .  Our  m e t e o r s  produce 
subs tan t ia l  luminosi ty  a t  V < 8 k m /  s ec .  We have extended the experrmeii tal  
cu rve  given by A y e r s  e t  a l .  to 6 k m / s e c  by a l i nea r  extrapolat ion of log T v s ,  
log V. I f  the extrapolat ion i s  extended to s t i l l  lower  veloci t ies ,  we wouid halie 
to conclude that  the m e t e o r  loses  m o r e  m a s s  pe r  unit t ime  a t  low v e l o c ~ t y  
than a t  high. We have t he r e fo r e  a r b i t r a r i l y  s e t  T = constant  and equal '0 ~ t s  
value a t  V = 6 k m / s e c  f o r  V < 6 k m / s e c .  This  affects  the in i t ia l  pholor~~etr ic-  
m a s s  v e r y  l i t t le  and m a k e s  a significant  change only a t  the v e r y  end of the 
t r a jec to ry .  
The  m e t e o r  lwninosi ty  f o r  low-velocity objects  (V 5 2 0  k m / s e c )  al-rses 
a lmos t  en t i re ly  f r o m  i ron  radiat ion.  Other m a t e r i a l  except  sodium i s  c s s e n -  
t ial ly ine r t .  The analys is  of Los t  City [C l a rk  e t  a l . ,  this  i ssue]  grves 27. 6% 
i r o n  by weight. Accordingly,  we have used in  ou r  computations 0 .  28  trmcs 
the value of T de te rmined  f r o m  the a r t i f i c ia l  i r o n  meteoro ids .  
Additional co r r ec t i ons  to the luminosity law a r e  requ i red  because  oi the 
di f ference between the photographic pass  band used in m o s t  of the a r t r f i c ~ a l  
m e t e o r  observat ions  and the panchromat ic  pass  band used in the Pra r r : e  
Network sys tem.  A y e r s  e t  al .  find that log T - log T = 0.  2. On the 
Pg Pan 
other hand, the  resonance l ines  of sodium contribute t o  the panchrornatrc 
luminosity in  na tura l  me teo r s .  The a r t i f i c ia l  m e t e o r s  contained no sod~urn ,  
and a n  additional cor rec t ion  should be applied t o  find a value, T ~ ~ ~ ,  appro-  
p r ia te  f o r  na tura l  m e t e o r s .  The two cor rec t ions  a r e  of the opposite s ign  
Given the uncertainty in  t he  values of T that  will be der ived f r o m  these 
m e t e o r s  in  the next sect ions ,  we will ignore this  sma l l  net  correction a r d  
u s e  T = T 
Pg p a n  Th i s  i s  equivalent t o  the re la t ionship  M = M given 
e a r l i e r .  
Pg P an 
6 .  Dynamic Mas s 
,b'L..L..-. L.-- \..., ..--. \ .
L o s t  City. The c r i t i ca l  measu remen t  for  determinat ion of dynamic mas 3 
i s  the  deceleration.  F o r  v e r y  l a rge  bodies, th i s  quantity i s  much  smalier  
than i t s  probable e r r o r  nea r  the beginning of the  t r a j ec to ry .  Somet imes 
meaningful  m e a s u r e s  a r e  possible only i n  the  l a s t  th i rd  of the t ra jec tory .  In 
ve ry  bright  m e t e o r s ,  the  shut ter  b reaks  a r e  often obscured by overexposure ,  
and decelera t ion m e a s u r e s  a r e  impossible.  Th is  was apparent ly  true for  the 
Hominy photograph of Los t  City, but we found that  with a judicious recopying 
of the  photograph under high contras t ,  the  shut ter  b reaks  could be c lea r ly  
identified along the  en t i re  t ra i l .  Decelera t ions  were  determined by t h e  rise 
of equation (1) f o r  var ious  1. 5- and 2 - s e c  t r a j ec to ry  a r c s .  The dece1e:atron 
a t  t he  cen te r  of a n  a r c  was  used to  de te rmine  the ball ist ic coefficient, -2, 
of the  meteoro id  a t  that  t ime .  All  solutions f o r  t < 4 s e c  showed internal  
probable e r r o r s  of the  decelera t ion comparable  t o  the  quantity i tself ,  a not 
unexpected r e su l t  f o r  t h i s  mass ive  body. 
Eventually, we want t o  compare  the  dynamic m a s s  a s  deduced f r o m  the 
bal l i s t ic  coefficient with the photometr ic  m a s s ,  which includes a l l  the Erag- 
ments .  Accordingly, we have adjusted the  observed ball ist ic coefficienz t o  
cor respond  t o  the  quantity that  would have been observed had no fragmenta- 
t ion  occur red .  F o r  Los t  City, where  m o s t  of the m a s s  appears  to be ac~out  
equally divided between the  two bright t r a i l s ,  we have cor rec ted  v by the 
113 fac tor  2 f o r  those  por t ions  of the  t r a i l  a f te r  the  f ragmentat ion occusgred. 
The t ime  of breakup can  be es t imated  to  within about 0. 5 s e c  by measu r ing  
the  point of convergence of the f ragments .  Th is  t ime  i s  found t o  be near the 
m a j o r  f l a r e  a t  t  = 6 .  3 sec .  We a s s u m e  that  the  f l a r e  m a r k s  the t ime  oi' the 
breakup precise ly .  
The bal l i s t ic  coefficients, co r r ec t ed  f o r  fragmentation when neces sa ry ,  
a r e  plotted in  F igu re  45. The solid l ines w e r e  fitted to the points by eye,  I n  
fac t ,  the data  a r e  consis tent  with the dashed line, showing an abrupt change 
in v a t  the t ime  of breakup. 
Meteor  40617. The decelera t ion m e a s u r e s  f o r  th is  me teo r  were  s~lperior 
t o  those  fo r  Los t  City because of the  sma l l e r  range and the e a s e  of rneasure -  
men t  of t h i s  fa inter  t ra i l .  Independent m e a s u r e s  f r o m  the two nea re s t  station3 
(F igu re  4b)  - show good agreement .  The  cor rec t ion  f o r  mult iple f ragrnents i s ,  
however,  m o r e  complex and thus subject  t o  g r ea t e r  uncertainty.  A breakup 
at  t  = 4. 95 s e c  i s  ma rked  by the m a j o r  f l a r e  and i s  a l so  consistent  wi"c the 
point of t r a i l  convergence.  The two t r a i l s  have s imi l a r  but detectabiy different 
113 . in tensi t ies ,  and we have a s sumed  that  a cor rec t ion  fac tor  of 2 es a p p r o -  
p r ia te  unti l  the  t ime  t = 6.  6 s ec ,  when the  fa inter  f ragment  again b reaks  up. 
The  observed v fo r  e ach  of t he  f inal  t h r e e  pieces  a r e  nea r ly  identical,  and a 
cor rec t ion  of 3 I l 3  i s  used f o r  t  > 6 . 6  sec .  Our model  i s  of course  incon- 
s i s ten t  a t  t = 6 . 6  sec.  Th ree  equal  p ieces  cannot be produced by breaiking 
one of two equal p ieces .  However, a n  a l t e rna te  model  of a n  initial f rkgmen-  
ta t ion into m a s s e s  of r a t i o  2:l and a subsequent division of the  l a rge r  ?iece 
i s  c l ea r ly  inconsistent  with the  re la t ive  in tensi t ies  of the  init ial  f r a g r n e n ~ s ,  
The  difference in  the  cor rec t ion  fac tor  between the  two models  i s  a lmos t  
inconsequential,  anyway. 
In F i g u r e  4 b  the dashed cu rve  again r ep re sen t s  ou r  es t imate  of thcl varia- 
t ion of the co r r ec t ed  ball ist ic coefficient. The i nc r ea se  of v in the v r c ~ n r t y  
of the m a j o r  f l a r e s  in both m e t e o r s  i s  of cou r se  par t ly  an ar t i fact  ~n t r~?duccc :  
by our  co r r ec t i on  fo r  mult iple f ragments ,  but the discontinuit ies,  as draw11 
a r e  about 50% l a r g e r  than the co r r ec t i on  fac tors .  Changes In e i ther  shape or 
d r a g  coefficient a f t e r  breakup m a y  be responsible .  
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Fig .  4. Ba l l i s t i c  coefficients ,  v, of two f i reba l l s .  Measured  values 
a f t e r  the f l a r e s  have been i nc r ea sed  by 0.10 (a) and 0 .16  (b) to adjus t  f o r  
the occu r r ence  of mul t ip le  f r agmen t s .  Dashed l ines r ep r e sen t  a possible 
behavior  n e a r  the t ime  of the m e t e o r  f l a r e s .  RMS e r r o r s ,  when larger than 
the plotted points, a r e  shown by ve r t i c a l  b a r s .  
Meteor  40503. T ra j ec to ry  m e a s u r e s  f o r  th is  me teo r  a r e  impossible 
f r o m  the n e a r e s t  s ta t ion fo r  all but a few beginning dashes .  At distant  sta- 
t ions ,  t he  f inal  port ion of the m e t e o r  i s  e i the r  off field o r  the data a r e  
degraded by the g r ea t  range.  Only the  second n e a r e s t  stat ion gives any 
useful  information on decelera t ion.  The  shut ter  b reaks  a r e  not visible 1r;a 
any of our measu r ing  engines,  but they can be c lea r ly  detected in densitorn- 
e t e r  t rac ings  made with the  s l i t  scanning i n  the di rect ion of the  m e t e o r ' s  
motion.  The positions of the b r eaks  re la t ive  t o  a recognizable point e a r l y  
in  the t r a i l  were  r ead  f r o m  t rac ings .  The  m e a s u r e s  were  consistent  with 
those  made  on a v e r y  high-contras t  copy of the original  f i lm. A single 
dece le ra t ion  so lu t i on fo r  the a r c  ( 4 . 5  S t  ( s ec )  5 5 . 5 )  was obtained. W e  f i n d  
v = 66  & 3 g / cmZ at t = 4. 75. The quoted uncertainty i s  the  r m s  e r r o r  
der ived f r o m  the r m s  e r r o r  of the decelera t ion a s  determined in the  l eas t -  
s q u a r e s  solution, but th i s  f o rma l  e r r o r  can be unreal is t ic .  We a r e  reluctant 
t o  accept  a single determinat ion without a n  independent confirmation f r o m  a 
s epa ra t e  f i lm o r  an  adjacent t r a j ec to ry  a r c .  Such confirmation i s  not avail-  
able  in  th is  case ,  but we can add s o m e  credence t o  our resu l t  by a very  
unusual  procedure  fo rced  on us  by th i s  unusual  me teo r .  
Decelera t ions  a r e  second der ivat ives  of observat ional  data .  They are 
often s m a l l  quanti t ies,  and i t  i s  not unusual f o r  the init ial  port ion of a t r a -  
jec tory - o r  any port ion of a poorly de te rmined  t r a j ec to ry  - to show forlma.1 
e r r o r s  of the dece le ra t ion  comparab le  to the value i t se l f .  Veiocit ies,  on  
the o ther  hand, a r e  f i r s t  der ivat ives  of observat ions  and a r e  general ly  well 
determined.  
The t r a j ec to ry  data  f o r  40503 a r e  plotted in F igu re  5 in a fashlon to  
demons t ra te  an  astonishing proportionali ty relat ionship between thls me teo r  
and Los t  City. The t ime  s ca l e  f o r  40503 has been expanded by a factor of 
1 . 5  and the veloclty s ca l e  contracted by the s a m e  fac tor .  The velocity and 
height curves  a r e  a lmos t  superimposed if a n  a r b i t r a r y  1 - s e c  shlft of the 
t ime  or igin  i s  applied. (The cu rves  would, f o r  the m o s t  par t ,  be rndlst-ngu:sh- 
able  i n  the drawing i f  we had applied a 0. 85-sec  shift.  ) The coincidence of 
the  height cu rves  r e su l t s  f r o m  a pure ly  chance equali ty of the zenith angles of 
the  radiants .  The s imi la r i ty  of the velocity cu rves  a s  plotted shows that anlr 
Fig .  5. T ra j ec to ry  h i s to ry  of t h r e e  f i r eba l l s .  Height-t ime cdrves 
appea r  a s  the g roup  of nea r l y  s t ra igh t  l ines  i n  the  lower  left.  The other 
group  of cu rve s  a r e  veloci ty- t ime plots. The ou te r  s c a l e s  of t ime  and  velocrty 
apply only to m e t e o r  40503. The  t ime  s c a l e  f o r  m e t e o r  40503 has  been ex-  
panded by a f a c to r  of 1. 5 re la t ive  to the o ther  m e t e o r s  (and the velocity s c a l e  
con t rac ted  by a l ike f a c to r )  to exhibit a fortui tous s im i l a r i t y  between t h i s  
m e t e o r  and Los t  City. 
2 - t ime-independent function of the m e t e o r s  (e. g.  , V / V )  i s  a lmos t  the s a m e  
fo r  any value of absc i s s a .  F u r t h e r m o r e ,  s ince  the absolute value of the 
height and there fore  the a tmospher ic  densi ty  a l so  a g r e e  a t  any such  poinr, 
2 
we can  conclude that  p V / 2 +  = v takes  on about the s a m e  value f o r  both 
m e t e o r s  a t  corresponding t imes .  
It  i s  not ou r  usual  p rac t ice  to de te rmine  ball ist ic coefficients by inspec-  
t ion of velocity cu rves ,  but, lacking wel l -determined dece le ra t ion  data 01-1 
40503 and taking advantage of the fortuitous s imi la r i ty  with Los t  Ci ty ,  we 
believe we have demonstra ted that  i t s  dynamic m a s s  i s  comparab le  to that 
of Lost  City and that  our  single determinat ion of v = 66 g / c m 2  i s  of the r igh t  
o r d e r .  
5. INTERPRETATION 
We begin the analysis  of these  data  by following the c l a s s i ca l  single-body 
t heo ry  that  h a s  given consistent  r e su l t s  fo r  other me teo r  data. Appl ica t~on  
of th i s  theory r e q u i r e s  an  e s t ima te  of the t e r m i n a l  m a s s  of the  me teo r  -" that 
p a r t  of the m a s s  that  ha s  not vaporized - and, the re fore ,  ha s  not contributed 
t o  the  l ight-producing process .  T h e  t e rmina l  m a s s ,  then, i s  a cor rec t ion  t o  be 
added t o  the  photometr ic  m a s s .  We will introduce s imple  var ia t ions  in the con-  
s t an t s  T and C A (par t i cu la r ly  f o r  L o s t  City and 40617), e i the r  a s  suggested D 
by the  observat ions  o r  as an a t tempt  t o  find reasonable  e x t r e m e s  of t h e s e  
constants.  The implications fo r  previous  in terpreta t ions  of f i reba l l  data will 
be d i scussed  i n  Section 6 .  
We a s sume  that  Los t  City and 40617 were  homogeneous bodies and 
s i m i l a r  to  the meteor i t e .  We take it a s  self-evident that  40503 m u s t  dif ler  
f r o m  these  two i n  some  fundamental  cha rac t e r  ist ic.  
A T e r m i n a l  Mass, 
-./ i
The  recovered  m a s s  of Los t  City i s  17 kg. It i s  m o s t  unlikely thatoocr 
r ecove ry  efficiency h a s  been perfect .  We suppose that  s m a l l  p ieces  remain 
but that  they m a y  be l e s s  than the  p r e sen t  total .  We noted e a r l i e r  "cat 
another m a j o r  f ragment ,  comparable  to the l a rge  s t  one recovered,  may 
ex is t .  A to ta l  ground m a s s  of 20--30 kg appea r s  t o  be a reasonable  es t imate  
In  the  following, we have assumed a t e rmina l  m a s s  of 25 kg. 
The  t e r m i n a l  m a s s  of 406 17 i s  a lmos t  cer ta inly  l e s s  than that  of Last 
City. The  value of v of e ach  of the t h r ee  f ragments  a t  the end of the i r  bra- 
2 jec tor ies  i s  17. 5 g / c m  , about 2 I 3  of that  of the  ma in  t r a i l  of Lost City. 
If e ach  of the t h r ee  pieces  h a s  the  s a m e  value of C A der ived fo r  the ~ ? - : a i n  D 
m a s s  of Los t  City, then  the  to ta l  t e r m i n a l  m a s s  i s  3 X 1 /2  X 9.  8 k g  =: 15 lig 
A compar i son  of the  intensity of the two m e t e o r s  a t  a point nea r  the ear! 
of the i r  t r a j ec to r i e s  suggests  that  this  i s  probably a n  upper l imi t .  If t h e  
intensity i s  produced e i ther  by me teo r i c  line radiat ion o r  by gas -cap  r e d r a -  
tion, then, to a good approximation 
f o r  objects of the s a m e  velocity. 
The heights of the main  t r a i l  of Lost  City and any of the th ree  trails of  
40617 when V = 4 .5  k m / s e c  a r e ,  respect ively ,  19 .7  km and 2 5 . 9  k m ,  A l r n o s -  
3 pher ic  densi t ies  a t  these  heights a r e  9 . 3  x g / c m 3  and 3.  5 X / r m  . 
The ma in  t r a i l  of Los t  City i s  M = -4. 6, and one t r a i l  of 40617 i s  M = -2.0 
The ra t io  of the in tensi t ies  i s  then, f r o m  equation (5), I L.C. "40617 = 11-0 
F r o m  equation (12) and the m e a s u r e d  f ron ta l  a r e a  of f ragment  1 ,  we find 
Given the t e rmina l  value of v and assuming  C =: 1, then the t e rmina l  m a s s  D 
i s  about 1. 5 kg l f ragment  or  about 5 kg to ta l .  We take an  average  of these  
two, 10 kg, a s  a f i r s t  e s t ima te  of the t e rmina l  m a s s  in the following. 
We sta ted e a r l i e r  that  we consider  the t e rmina l  m a s s  of 405 03 to be very 
smal l .  We reached t h i s  conclusion by comparing the luminosity of the meteo r  
with that  of Los t  City at comparable  points i n  the t ra jec tory .  At an altitude 
of 26 krn, VL. =: 8 k m / s e c  and M = -9.  Any s izable  t e rmina l  f ragme~nt  of 
40503 a t  th is  al t i tude,  which i s  just below the t e rmina l  f l a r e ,  ~vould have 
V =: 12 k m / s e c .  Yet despite the g r e a t e r  velocity, the  intensity of the  p re -  
sumed r ema ins  i s  below the f i lm  limit. We deduce f r o m  the  know11 geometry 
of the  t r a j ec to ry  and the  sensit ivi ty of the optical  sy s t em that  at th i s  al t i tude,  
M > -1 ( s e e  F i g u r e  3 ) ;  i. e . ,  the intensity i s  l e s s  than that  produced by about 
30 kg of Los t  City by a factor  of m o r e  than 1 03! Cer ta inly  a 1 -kg meteoritic 
stone would have been eas i ly  observable under these  conditions, and indeed 
we would be su rp r i s ed  if 10  g could go undetected. F o r  whatever reason,  
t h i s  meteoro id  essen t ia l ly  disappeared during the  t e rmina l  f l a r e ,  and its 
t e r m i n a l  m a s s ,  in the usual  sense  of finite f ragments ,  i s  t r iv ia l  at be st .  
B.  Comparison of Photomet r ic  and Dynamic M a s s e s  \----. .L - %>A-u../ - -,-.- --,---,- LXL.- L 
In  the  upper curve of F igu re  6, we show a comparison of the sum of the 
es t imated  t e rmina l  m a s s ,  25  kg, and photometr ic  m a s s  with the dynamic 
m a s s  der ived f r o m  the values  of v given in F i g u r e  42. We have chosen 
3 C = 1. 2, A = 2. 0, and p = 3. 73 g l c m  f o r  the port ion of the  t r a j ec to ry  D m 
a f t e r  fragmentation.  The l a t t e r  two values a r e ,  respectively,  the rneas,lred 
shape fac tor  of the ma in  m a s s  when i t  p resen ts  a max imum a r e a  to  the flight 
direct ion,  and the bulk density of the me teo r i t e  a s  de te rmined  by Clark et al. 
(this i s sue ) .  The value of CD i s  that  deduced f r o m  the t r a j ec to ry  data ar,d 
the measu red  shape fac tor  (Section 3).  The luminous efficiency fac tor  used  
was that  descr ibed  in  Section 4B. The agreement  f o r  this port ion of the curve 
i s  f a r  be t t e r  than the data  demand. The prefragmentat ion t r a j ec to ry  data have 
been fi t ted t o  the  photometr ic  m a s s  a t  t  = 6 s e c  with a value of C R = 3 ,  80. D 
T h e  poor ag reemen t  m a y  well be a t t r ibuted t o  the weak determinat ion of v 
f o r  t h i s  interval .  
The r a t i o  of the ini t ial  m a s s  t o  the  t e r m i n a l  m a s s  is ,  fo r  the  assumptions  
used h e r e ,  480125. The re  is considerable  evidence f r o m  measu remen t s  of 
co smic - r ay  t r a c k s  and f r o m  s tudies  of rad io  isotopes produced by cosmic  
Fig .  6.  Compar i son  of photometr ic  m a s s  ( m  ) plus t e rmina l  m a s s  j~m j 
P t 
of Los t  Ci ty  with i t s  dynamic m a s s  ( m  ). The luminous efficiency law g;ven d 
i n  the text  i s  va r ied  by the f a c t o r  k. The bal l i s t ic  coefficients shown ir_ 
F i g u r e  4a  have been conver ted to dynamic m a s s e s  by the choices  of C A shown D 
in  this  f igure .  P r ea tmosph e r i c  m a s s e s  der ived f r o m  e i the r  model ,  k = i o r  
k = 8, a r e  essen t ia l ly  indist inguishable f r o m  the m a s s e s  a t  t  = 3 s e c  and are, 
respect ively ,  490 kg and 72 kg. 
rays  that  many me teo r i t e s  do not abla te  such  a l a rge  f rac t ion  of the i r  mass .  
If Los t  City ablated only 4 o r  5 c m  on a l l  su r f ace s ,  i t s  ini t ial  m a s s  wouid 
have been roughly 50-100 kg, depending on the actual  end m a s s .  We c a n  
d e c r e a s e  the photometric m a s s  by applying an a r b i t r a r y  l inear  cor rec t ion  
fac tor ,  k ,  to the luminous efficiency. The plotted m a s s  cu rve  f o r  k = 8 is  
a l so  shown in  F igu re  6. I n  this  c a s e ,  we have used the min imum te rmina l  
m a s s  corresponding to the 17 kg of collected m a t e r i a l  to improve the f i t  wrth 
the dynamic m a s s .  Even so,  the agreement  with the m curve  fo r  (3 A = I .  7 d D 
i s  quite poor. 
Although the t r u e  cor rec t ion  t o  the  provis ional  photometric mass i s  
unlikely t o  be the s imple  sca le  fac tor  k, no other var ia t ion can fo r ce  a f i t  
between the  two m a s s e s  s o  long a s  the  in i t ia l  and final  m a s s e s  a r e  s o  con- 
s t ra ined.  We conclude, then, that  e i the r  the  cor rec t ion  to  the  provisional  
m i s  v e r y  much  l e s s  than  k = 8 o r  that  C A i s  not a constant during the 
P D 
l a s t  por t ion of the  t ra jec tory .  F o r  example ,  if C A i n c r e a s e s  l inear ly  with D 
t i m e  and t akes  on values  of 1. 27 (about that  f o r  a sphe re )  a t  t  = 6. 5 and 
2. 38 a t  t  = 8. 75, the dashed curve  labeled C A = f ( t )  in F igu re  6 would resu l t .  D 
It i s  read i ly  shown by application of equations (6) and (7) that  th i s  model  ( to-  
gether  with CD = constant)  p red ic t s  that  the  f ron ta l  a r e a  of the  body is unchanged 
dur ing a n  ablation p roces s  that  ha s  reduced the m a s s  t o  about one-third.  
Th i s  behavior m a y  be unlikely, but it  i s  not impossible.  However,  if the 
t e r m i n a l  m a s s  p roves  t o  be substantial ly g r e a t e r  than the  p resen t  recovc r e  d 
m a s s ,  the  model  could be sa t is f ied only by an i nc r ea se  in a r e a  occurr ing 
while even  l e s s  m a s s  was ablated. These  conditions a r e  m e t  only if the body 
changes orientat ion during the  l a s t  port ion of the t ra jec tory .  The ]main mass  
shows e v e r y  indication of having had a v e r y  stable flight f o r  some period of 
t ime .  We believe, the re fore ,  that  1 < k < 8 a r e  probable ex t r eme  l imits  to  
the  cor rec t ion  t o  our  luminous efficiency. If t i m e  var ia t ions  of A a r e  p resen t  
and important ,  f u r t he r  ref inements  t o  the  cor rec t ion  a r e  not possible f rom 
our  data  alone. We requ i re ,  a t  the l eas t ,  an  upper l imi t  of the  initial mass. 
The r e su l t s  of a s i m i l a r  analysis  f o r  4061 7 a r e  shown in F igu re  7 .  The 
bulk density of Los t  City was  a s sumed  f o r  th is  object. It i s  possible t o  !it 
md with a wide range of values  of k when the  t e r m i n a l  m a s s  i s  t aken  as a 
Fig .  7. Compar i son  of photometric m a s s  (m ) plus t e rmina l  mass (rn ) 
P t 
of m e t e o r  4061 7 with dynamic m a s s  (m ). The luminous efficiency law given d 
in  the text  i s  va r ied  by the fac tor  k. The dynamic m a s s  i s  der ived f r o m  the 
bal l is t ic  coefficient shown i n  F igu re  4b and the  values  of C A given i n  this D 
f igure .  P r ea tmosphe r i c  m a s s e s  f o r  the c a s e s  k = 1 ,  4, and 8 a r e  98  k g ,  
23 kg, and 11 kg, respect ively .  
f r e e  p a r a m e t e r .  I t  i s  notable, though, that  if o u r  be s t  e s t ima t e  of the ee r -  
m i n a l  mass, 10 kg, is used,  then k = 1 again  gisre s the bes t  fit .  bf k = 8 and 
C A = 1.  13 throughout the post f ragmentat ion t r a j e c to ry ,  the t h r ee  t e rmina l  D 
f r agmen t s  of 113 kg each  would be approximately  sphe r i ca l  and would have 
2 presenta t ion a r e a s  of about 25 c m  , o r  about 77 ,  of that  of Los t  City. Pt i s  
unlikely that  th is  body would produce 10% of the intensity of Los t  C i ty  in  an  
a tmosph e re  of one- thi rd  the density.  Values of k = 4 and m t  = 3 kg ( F ~ g u r e  7) 
cannot be  excluded by these  a rguments .  
6. INFLUX RATE AND BULK DENSITY OF METEOROIDS 
Los t  City was  the f i r s t  me t eo r i t e  r e cove ry  in  6 y e a r s  of operation of 
the P r a i r i e  Network. When the p r o g r a m  began, we expected about one fall 
of 1 kg o r  l a r g e r  p e r  y e a r ,  based on Brown ' s  [I9601 s t a t i s t i c s .  We a l s o  
expected to l e a r n  much  f r o m  the f i r s t  succe s s .  The l a t t e r  expectat ion bas 
been  justified, but o u r  r e su l t s  c ause  us to wonder whether  i t  has  been our 
ana lys i s  of the da ta  o r  a paucity of fa l l s  that  is p r ima r i l y  responsible  f o r  
ou r  previous  lack of succe s s .  
We h e r e  s u m m a r i z e  the Los t  City r e su l t s  and our  o ther  s e a r c h  e f lc r t s  
to give s o m e  a n s w e r s  to th is  quest ion and to the m o r e  gene ra l  question of the 
s t r u c t u r e  o r  dens i t i e s  of ave r age  f i reba l l s .  
We planned to  in i t ia te  a s e a r c h  when the observat ions  w e r e  good a n d  
2 
when the  t e rmina l  bal l i s t ic  coefficient was  v 2 20 g / c m  . The lirnlt rs given 
both because  s m a l l  bodies a r e  difficult to find and because  uncertarntres In 
the wind co r r ec t i on  i n c r e a s e  with diminishing s i z e .  We have made  exceptrons 
to  ou r  ru les  i n  s e v e r a l  c a s e s .  Sea r ches  w e r e  made  f o r  a poorly observed! 
object  that  we believed to be  l a r g e  and f o r  two wel l -observed s m a l l  bodres 
fal l ing through mode ra t e  wind f ie lds .  Extensive  s e a r c h  effor ts  we re  made  
f o r  s i x  events (the Network staff has  walked about 5 ,000 m i ) .  We began fo i l r  
of these  s e a r c h e s ,  including Los t  City, with s o m e  confidence of succe s s .  
Two of the me t eo r i t e s  had t e rmina l  bal l i s t ic  coefficients comparab le  to that 
of Los t  City. Limited a t t empts  w e r e  made  f o r  the r e cove ry  of f ive o ther  
suspec ted  f a l l s .  T h r e e  of these  had v < 20 g / c m .  The o ther  two w e r e  accorn-  
panied by sonic booms and gave o ther  indications of a s i zab le  fa l l .  U i i f o r -  
tunately,  clouds had obscured  the p r i m a r y  c a m e r a s  . Impact  uncer ta int ies  
w e r e  many  k i lomete rs .  
In the past ,  we have commented on the s m a l l  numbe r  of objects  with 
s i zab le  t e rmina l  bal l i s t ic  coefficients  and,  e i t he r  d i rec t ly  o r  by irnplrcatnon, 
have s ta ted  that  th is  demons t ra ted  o u r  or ig inal  e s t ima t e s  to be  in e r r o r ,  
I n  reaching th is  conclusion,  we a s s u m e d  a n  ave rage  sphe r i ca l  shape for 
meteo r i t e s .  However,  Los t  City no. 1 proved to be  about eight t imes  the 
m a s s  of a n  aerodynamical ly  s i m i l a r  sphe re .  If th is  l a rge  co r r ec t i on  fac to r  
w e r e  to b e  applied to a l l  ou r  o ther  es t imated  t e rmina l  m a s s e s ,  we would 
conclude that  o u r  or ig inal  f a l l  r a t e  was  in  fac t  underes t imated.  We would wil l-  
ingly admi t  complete uncer ta inty  on the  subject  now i f  L o s t  City had not p roved  
to be  unique in  s e v e r a l  ways .  F i r s t ,  we suspec t  that  i t  is no coincidence that 
o u r  deepes t  penetrat ing meteoro id  produced the f i r s t  r ecovery .  Pe rhaps  o u r  
o the r  s e a r c h e s  had been f o r  bodies nea r l y  a s  s m a l l  as we es t imated .  Sccondi 
we r ema in  puzzled by the  e a s e  of r e cove ry  of Los t  City when compared  to  
ou r  m o r e  extensive  s e a r c h e s  that  ended i n  fa i lu re .  We acknowledge that 
outside a s s i s t ance  was  par t ia l ly  responsible  f o r  f r agmen t s  2 and 3 (and 
apparent ly  the a s s i s t ance  of Prov idence  f o r  f ragment  1) .  But we believe a 
r ecove ry  by local  r es iden t s  is m o r e  l ikely i n  fa rmland ,  where  m o s t  of o u r  
a t t empts  w e r e  made ,  than i n  the range  o r  woodland of Los t  City. F u r t h e r -  
m o r e ,  we believe we had a t  l e a s t  75% chance of recover ing no. 1 had it not 
been  on the  road.  We a r e  c e r t a i n  that  no. 4 would have been recovered  within 
a week o r  two of the beginning of the s ea r ch .  Again  we suspec t  that  the end 
m a s s  of Los t  C i ty  was  l a r g e r  than f o r  ou r  o ther  events and that  r ecovery  
effor ts  w e r e  success fu l  because  t h e r e  was  m o r e  m a t e r i a l  to be  found. 
The f lux of l a rge  bodies of me t eo r i t i c  m a t e r i a l  enter ing the a tmosphe re  
has  been  ano ther  quanti ty of i n t e r e s t .  Our  p r e l im ina ry  e s t ima t e s  on th~s 
[ ~ c C r o s k ~ ,  1968a] w e r e  based on photometr ic  m a s s e s  using our best estimate 
f o r  the  luminosi ty  l aw  applicable t o  s m a l l e r  bodies. T h e s e  es t imated  fluxes 
w e r e  higher  than  would be predic ted by s imple  ext rapola t ion of the small- body 
da ta  but we re  reasonably  consis tent  with a i rwave observat ions  repor ted  by 
Shoemaker .  The r e a d e r  is r e f e r r e d  t o  a rev iew by Gault [1970] for  fur ther  
deta i ls .  
A l a r g e  input m a s s  together  with the surpr i s ing ly  low t e rmina l  m a s s  
suggested that  the ave r age  me teo r i t e  underwent nea r l y  to ta l  ablat ion,  This  
conclusion was  inconsis tent  with the modes t  ablat ion r a t e s  found f r o m  
shielding de te rmined  f r o m  var ious  c o s m i c - r a y  effects  in  me t eo r i t e s .  W e  
concluded that  m o s t  f i r eba l l s  w e r e  not produced by me teo r i t e s .  
Es t ima t e s  of the bulk densi ty  of meteoro ids  have been made  by cons ider -  
ing th is  quantity the  m a j o r  unknown i n  equation (7) .  The governing re la t ion-  
sh ip  i s  
McCrosky  and Ceplecha [1970] found that  m o s t  P r a i r i e  Net m e t e o r s  bad b u l k  
5 dens i t i e s  between 0 .1  and 1 . 5  g / c m  , with a n  ave rage  value of about 0 - 5  / c rn2 .  
This  was  not a n  en t i re ly  independent conf i rmat ion of the na tu re  of the m e t e -  
oroid.  If we w e r e  overes t imat ing the ini t ial  m a s s e s  by using a n  e r roneous  
luminosi ty  law and a t  the s a m e  t i m e  underes t imat ing dynamic (and t e rmina l )  
m a s s e s  because  the  ave r age  shapes  w e r e  f l a t t e r  than a s sumed ,  we viouicl, by 
equation (14), be  a t t r ibut ing too low a densi ty  to the ma t e r i a l .  
McCrosky  and Ceplecha a s s u m e d  sphe r i ca l  shapes  (A = 1 .21 ,  % = 0.92) 
and a constant  luminosity coefficient T = 1 0 - l 9  cgs .  The  new luminosity law 0 
used i n  the p r e sen t  ana lys i s  cannot be  exp re s sed  accura te ly  i n  the s imple  
f o r m ,  but i t  c an  be  reasonably  wel l  approximated by I- - 2 . 5  X 10 0 - - I 9  cgs .  
I f  we now a s s u m e  that  the ave r age  f i reba l l  obeys the s a m e  luminosity 
law a s  does  Los t  City f o r  k = 1 and that  th is  ave r age  object  a l so  has  initially 
the  f lat tened shape r ep re sen t ed  by C,A = 2.4,  then dens i t i e s  w e r e  previously 
rect ions  a r e  indicated by the da ta  on 40617 a f t e r  f ragmentat ion.  If,  however, 
the ave r age  meteoro id  has  the flattening r ep re sen t ed  by  the value of 
C A = 3. 39 f o r  40617 before  f ragmentat ion,  then o u r  e a r l i e r  e s t imates  would D 
be  i n  e r r o r  by a f a c to r  of 8. Essen t ia l ly  the s a m e  resu l t  obtains if we take 
k > 1 and use  corresponding lower  values  of C A. Stated otherwise ,  had we D 
not known the bulk densi ty  and shape of Los t  City, we would have concluded 
that  i t  was  a low-density meteoro id .  
The excellent  ag r eemen t  between the two m a s s  s ca l e s  f o r  k = 1 (Sectron 
5B) would appea r  to place the burden  of the co r r ec t i on  on the shape f a c l ~ r  
r a t h e r  than on the luminous efficiency. If we a r e  to  a t t r ibu te  the sma l l  ratao, 
m a s s l a r e a ,  of a l l  f i r eba l l s  to the shape fac to r ,  r a t h e r  than to  densi ty ,  \&re 
m u s t  a l s o  be  p r epa red  to speci fy  (a) the m e a n s  of production of f la t  m e t e -  
o ro ids ,  and (b) why they should, a lmos t  universa l ly ,  t r a v e r s e  m o s t  of thean. 
t r a j e c to ry  i n  a maximum-drag  orientat ion.  If (a )  i s  possible,  then any body 
f o r  which (b) fa i l s  wil l  appea r  to have a n  exceptionally high value of mlA, 
No m o r e  than a few percen t  of m e t e o r s  appear  in  t h i s  ca tegory [ 
and Ceplecha,  19701. 
Condition (a )  is sa t is f ied  e i t he r  by the  ad hoc proposal  that  f la t  objects  
a r e  produced i n  the crushing of the m e t e o r i t e  pa ren t  body o r  by space  etching 
of me t eo ro id s  of l e s s  e x t r e m e  shape,  a suggest ion made  and re jec ted  by 
McCrosky  and Ceplecha. With only one c a s e  in hand, we a r e  not yet  com- 
pelled t o  a s s u m e  that  f lat tening is a common cha rac t e r i s t i c  of me t eo r i t e s .  
We note, though, that  th i s  a t t r ibu te  would affect  the in te rpre ta t ion  of 
cosmogenic  isotope da ta  and should be considered f o r  Los t  City, where  the  
evidence f o r  a n  ini t ial  f la t  shape is r a t h e r  good. 
We have proceeded thus  f a r  on the  p r e m i s e  tha t  Los t  City and 40617 a r e  
typ ica l  of all f i r eba l l s .  But i n  fac t ,  Los t  C i ty  i s  unique i n  ou r  collection of 
data .  Only one o ther  m e t e o r  m a y  have penetra ted a comparab le  amount of 
a tmosphe re ,  and we have neve r  before  s e e n  m e t e o r  f r agmen t s  p e r s i s t  for 
such  a l a rge  f rac t ion  of the t r a j e c to ry .  F u r t h e r m o r e ,  we have an  example  
i n  40503 of a m e t e o r  with g r o s s l y  di f ferent  behavior  that  mus t ,  we belieire, 
r e su l t  f r o m  a v e r y  di f ferent  ma t e r i a l .  We c a n  t e s t  t h r ee  hypotheses 
regarding 40503. 
(1) The meteor  i s  in every way s imi lar  to other meteori t ic  stones.  This 
statement i s  fa lse  since an object of some considerable size was observed 
to disintegrate totally under thermal  or  pressure  s t r e s s e s  that other 
meteor i tes  - and Lost City in particular - withstood with only minor  disa-uption 
(2) The meteori te  is  identical to ordinary meteori tes  in its c h e m i s t r l  
that appears  adequate for understanding Lost  City (k = 1) i s  also applicable -
to this body. If so, m = 16. 5 tons at  t = 4.  75 sec  where we have deter~mined 
2 P 
v = 66 g / c m  . We would conclude, then, that CDA = 9. 2. If CD = 1. 78  (a 
maximum value for  hypersonic flow), then A = 5. 2, corresponding "e a disk 
with an unlikely diameter-to-thickness ratio of 13. 
As noted ear l ie r ,  the measurements  of m and m a r e  poor f o r  this 
P d 
case.  As probable extreme limits,  we can assume that m has been over- 
P 
estimated by a factor of 16 ( an  e r r o r  of 3 mag) and m underestimated by a. d 
factor  of 2 ;  then C A = 1 . 8  and the initial m a s s  i s  1 ton. Half of this D 
initial m a s s  i s  lost during the bright f la re  of 0. 1 - sec  duration. Suppose the 
f la re  is  caused by a disruption into many smal l  pieces, each of which then 
undergoes an independent ablation process  that consumes the fragment during 
the period of the flare.  The lifetime, At, of a meteoroid fragment of m a s s  
m .  i s  comparable to  the t ime required to  encounter its own m a s s  of atmos- 
1 
phere. F o r  the present  case,  
This  model of a weak s tructure disintegrating into tens  of thousands of Prag- 
ments  a lmost  instantaneously i s  perhaps a possibility. However, i f  we 
greatly overestimated the e r r o r s  in m the m a s s  dissipation in the flare i s ,  
P 
t o  us,  incredible. 
( 3 )  The meteoroid 's  extreme fragili ty resul ts  in i t s  abrupt demise,  The 
process  not accounted for in the c lass ica l  meteor  theory. The mechanical 
s t ruc ture  may be tentatively taken a s  that of a weak carbonaceous chondrite 
2 
of pm = 2 g / c m  . F o r  a rough computation, le t  u s  fur ther  assume that 
2 C A = 2 and accept  our  value of v = 66 g / c m  . These  imply a m a s s  of D 
m = 0 .6  ton, o r  about 47'0 of that  de te rmined  f r o m  the  luminosity law; i ,  e .  , 
t ha t  law and the  photometry contain a combined e r r o r  of a factor  of 25.  Much 
of the  p rob lem i s  r e  solved if the e x t r e m e  e r r o r s  in photometry of 3 m a g  are 
pre sen t  in  the  p roper  sense .  We doubt t he se  l a rge  e r r o r s  and believe that 
e r r o r s  of about 2 m a g  a r e  m o r e  reasonable .  This  could reduce the m a s s  
disc repancy  t o  about a factor  of 4 o r  5, c lose  t o  that  suggested by Allen and 
Baldwin [I9671 f o r  the  cor rec t ion  t o  the  luminous efficiency for  meteoroids 
of high carbon content when observat ions  a r e  made  with panchromat ic  
emuls ions .  (Highly r e f r ac to ry  soot pa r t i c l e s  a r e  expected t o  t r ans f e r  an 
appreciable  f rac t ion  of the i r  kinetic energy  into detectable blackbody r adia-  
tion. ) Thi s  event, then,  can be understood if - all the  following a r e  true: 
(a )  the  body i s  exceptionally weak; (b)  i t  i s  quite f lat ;  ( c )  the  luminosity law 
f o r  t he  m e t e o r  depar t s  appreciably  f r o m  that  of Los t  City; and (d)  the photorn- 
e t r y  ha s  a l a rge  e r r o r  in the p roper  sense .  
If the  photometry i s  without e r r o r ,  we a r e  a t  a l o s s  t o  explain t h i s  
object in  t e r m s  of any known m a t e r i a l  without calling on an  additional energy 
sou rce  i n  the  meteoro id  o r  i n  t he  a tmosphere .  
With t he  Los t  City data  in hand, we would no longer ins i s t  that  the over-  
whelming ma jo r i t y  of our f i reba l l s  a r e  unlike n o r m a l  me teo r i t e  s .  Same 
f rac t ion  of these  can be me teo r i t e s  disguised by shapes  s imi l a r  to  that of 
Los t  City. On the  other  hand, we can find no way t o  fo r ce  me teo r  4 05 03 
into the  mold of a high-density object. If t he  br ightes t  f i reba l l  can be other 
than  a common meteor i t e ,  we suppose that  some sma l l e r  objects can bc 2 s  
well. 
7. ORBITS 
The orb i t s  of the t h r ee  m e t e o r s  a r e  given in  Table 1 .  We a l so  l i s t  the 
.' 
only o ther  wel l -determined orb i t  of a meteor i t e ,  P r i b r a m  [Ceplecha,  19611, 
and the o rb i t s  of four  o ther  m e t e o r s  with unusual cha rac t e r i s t i c s  thor;ght to 
be indicators  of me teo r i t e s  i n  flight [Halliday, 1960; Cook e t  a l .  , 1 9 6 3 :  
Jacchi'a e t  a l .  , 19671. 
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They a r e  s i m i l a r  to  the g r e a t  ma jo r i t y  of f i r eba l l  o rb i t s  in havrng l o w  
incl inations and aphel ia  within J u p i t e r ' s  orbit .  Of the seven  objects  thought 
to  be me teo r i t i c  (we exclude 40503 f r o m  this  ca tegory) ,  five have perihelron 
dis tances  q > 0. 92 au, the o the r s  being q = 0 .76  a u  and q = 0 .79  au TI-ie 
med i an  value fo r  f i r eba l l s  with s e m i m a j o r  axis  a < 5 au  i s  q = 0 . 7 1  au  
[McC rosky,  1 968131. Per ihe l ion  dis tances  f o r  smal l ,  low-inclination orbits 
have a s t r ong  i nve r se  co r r e l a t i on  with the e n t r y  velocity, V . Thus,  lor the 
4 ' 
CO 
m e t e o r i t e s  P r i b r a m  and L o s t  City, a re la t ively  l a r g e  value of q was a neces -  
s a r y  condition f o r  t he i r  su rv iva l  dur ing en t ry .  The other objects  were  a l s o  
low velocity. Th i s  m a y  not be a gene ra l  cha r ac t e r i s t i c  of high-density 
m a t e r i a l ,  however.  A n  observat ional  se lect ion effect  m a y  be responsible  
f o r  the apparen t  corre la t ion.  Low-velocity objects  can produce long-enduring 
m e t e o r s ,  and it i s  t he se  that  can be bes t  analyzed f o r  t r a j e c to ry  data. 
We a l s o  note that  the e n t r y  veloci t ies  and o rb i t s  of ~ : i b r a m  and 4G503 
a r e  not d i s s i m i l a r ,  but t he i r  behavior  i n  the  a tmosphe re  was total iy di f lereat .  
We conclude that  with the  l imited da ta  now avai lable ,  the o rb i t a l  pararriete rs  
alone a r e  insufficient  to d is t inguish  among the different  types of m e t e o r s .  
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